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ABSTRACT 

GaP/W s u r f a c e  b a r r i e r  diodes were f a b r i c a t e d  i n  an o i l - f r e e  high- 
2 

vacuum system. Current-voltage,  1 / C  vs.  V, and hot -e lec t ron  d a t a  were 

obtained on these  diodes.  The results i n d i c a t e  a b a r r i e r  he ight  of 1.42 

e V ,  wi th  i n d i c a t i o n s  of some non-uniformity i n  b a r r i e r  height  over t h e  

diode a rea .  

The work func t ion  of evaporated BaO on evaporated W was measured t o  

be about 1.45 eV. There a r e  ind ica t ions  t h a t  t h e  BaO f i l m  condenses non- 

uniformly s o  t h a t  about 15 monolayers are requi red  f o r  complete coverage, 

S c a t t e r i n g  of photo-excited e l ec t rons  i n  t h e  BaO f i l m  appears  t o  set i n  

a t  about 30 monolayers. 

Theore t i ca l  s t u d i e s  have been conducted on BaO evaporat ion and on 

metal/semiconductor b a r r i e r s  a s  inf luenced by i n t e r f a c i a l  l a y e r s .  An 

a l t e r n a t i v e  cold cathode approach i s  suggested.  

iii 
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I INTRODUCTION 

The ob jec t ive  of t h i s  program i s  t o  perform re sea rch  on 

semiconductor/metal, ho t -e lec t ron  cold cathodes.  The hot e l e c t r o n s  

a r e  generated i n  a t h i n  metal  sur face  f i l m  by forward-biasing a r e c t i -  

f y i n g  semiconductor/metal diode.  The metal  f i l m  i s  on t h e  order  of 50- 

to-100 A i n  th ickness  and i s  ac t iva t ed  by a low-work-function coa t ing  

t o  reduce t h e  vacuum b a r r i e r  below t h e  semiconductor/metal b a r r i e r .  

Energy diagrams f o r  t h e  cathode, w i t h  and without b i a s ,  a r e  shown i n  

F igs .  l ( a )  and l ( b ) .  The dimensions of t h e  s t r u c t u r e  a r e  not drawn t o  

scale. The th ickness  of t h e  metal  f i lm  i s  exaggerated f o r  reasons of 

c l a r i t y .  Refer r ing  t o  Fig. l ( b ) ,  a por t ion  of t h e  hot e l e c t r o n s  emit ted 

over t h e  t o p  of t h e  b a r r i e r  i n t o  t h e  metal f i l m  t r a v e r s e  t h e  f i l m  b a l l i s t i -  

c a l l y  and e n t e r  t h e  vacuum. Most of t h e  e l e c t r o n s  t h a t  become s c a t t e r e d  

i n  t h e  metal f i l m  are l o s t ,  however, and t h e s e  e l e c t r o n s  c r e a t e  a b i a s  

cu r ren t  f o r  t h e  device.  

0 

I n  our previous r epor t ,  it was concluded t h a t  ga l l ium phosphide 

(Gap) had good q u a l i t i e s  f o r  t h e  semiconductor i n  f a b r i c a t i o n  of t h e  

su r face -ba r r i e r  cold cathode, where used wi th  lead  o r  a l loyed  te l lur ium-  

doped s i l v e r  f o r  t h e  ohmic con tac t  and platinum f o r  t h e  su r face  f i l m .  

Because barium oxide (Ba0)-activated platinum has a h igher  work func t ion  

than  t h e  GaP/platinum su r face  b a r r i e r ,  however, o the r  s o l u t i o n s  were 

suggested.  Long l i f e  and s t a b i l i t y  f o r  low-work-function evaporated 

BaO su r faces  were demonstrated i n  an u l t ra -h igh  vacuum environment. The 

theory of metal/semiconductor contac ts  was extended and r e f ined .  

The s t e p s  which t h i s  r epor t  w i l l  concern i tself  w i t h  are: 

1. Fabr i ca t ion  and t e s t i n g  of GaP/Tungsten s u r f a c e  

b a r r i e r  diodes.  

2. Fabr i ca t ion  and t e s t i n g  of Tungsten/Barium Oxide 

phototubes . 
3. Poss ib le  f a b r i c a t i o n  and t e s t i n g  of a su r face -ba r r i e r  

cold cathode using the  s t a t e d  combination of ma te r i a l s .  

1 
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. 
4 .  Continuation of l i f e  tests on the GaP/Flatinwn diode and 

on BaO phototubes. 
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I1 DISCUSSION 

A. GaP/TUNGSTEN DIODES 

1. Experimental Procedures 

Gallium phosphide/tungsten sur f  ace , a r r i e r  d iodes  w e r e  f a b r i -  

ca ted  by evaporat ing tungsten (W) i n  an o i l - f r e e  high-vacuum system. The 

ga l l ium phosphide (Gap) c rys ta l  su r faces  were f i r s t  prepared by e t ch ing  

i n  hot aqua r e g i a .  A s  noted i n  t h e  F i r s t  Q u a r t e r l y  Report,’* t h i s  e t c h  

produces a mirror  f i n i s h  on one of t he  (111) c r y s t a l  f a c e s  and a matte 

f i n i s h  on t h e  o ther  c r y s t a l  f ace .  Lead (Pb) was a l loyed  t o  t h e  s i d e  

having t h e  matte  f i n i s h  t o  produce an ohmic con tac t .  

re-etched, and t h e  ac id  was quenched wi th  e l e c t r o n i c  grade methanol. 

The c r y s t a l  was placed i n  t h e  vacuum chamber w e t  wi th  methanol. A mask 

was used f o r  t h e  W evaporat ion so as t o  produce t h r e e  c i r c u l a r  diode 

a reas  on t h e  smooth c r y s t a l  su r f ace .  

The c r y s t a l  was 

The system was given a good bake-out, a f t e r  which t h e  pressure  was 
-9 

between and 10 t o r r .  A tungsten charge was heated by e lec t ron-  
0 

beam bombardment up t o  evaporat ion temperatures,  and a few hundred A 

of W w a s  evaporated.  

2. Current-Voltage C h a r a c t e r i s t i c s  

Using a tungs ten  probe t o  contac t  t h e  c i r c u l a r  evaporated-W 

areas, the  cur ren t -vol tage  c h a r a c t e r i s t i c s  of t h e  t h r e e  d iodes  were 

examined. The diodes were first examined by means of a curve t r a c e r .  

One of t h e  diodes was found t o  be a poor r e c t i f i e r  and w a s  t h e r e f o r e  

not examined f u r t h e r ,  The o ther  two d iodes  appeared t o  be exce l l en t  

r e c t i f i e r s ,  a s  shown by t h e  photograph of t h e  t r a c e  reproduced i n  Fig.  2. 

The forward cur ren t  does not become apprec iab le  u n t i l  a forward vol tage  

of one v o l t  i s  exceeded, i n d i c a t i n g  a b a r r i e r  somewhat h igher  than one 

v o l t .  

Accurate I - V  d a t a  were then taken on one of t h e  two good diodes, 

using two HP Model 425-A meters t o  read t h e  cur ren t  and t h e  vol tage .  

* 
- 

A l l  r e f e rences  a r e  l i s t e d  a t  t h e  end of t h e  r e p o r t .  

5 
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FIG. 2 I-V CHARACTERISTIC OF 
GaP/EVAPORATED W DIODE 

Figure 3 is  a p lo t  of t he  I -V  data on semi-log scales. These data  have 

been corrected f o r  t h e  cur ren t  f low through t h e  10 ohm input  r e s i s t a n c e  

of t h e  vol tmeter ,  The cur ren t  i s  seen t o  inc rease  exponent ia l ly  wi th  

vol tage  over a t  least 4 decades of cu r ren t .  The cu r ren t  i n  t h i s  reg ion  

fol lows the  r e l a t i o n  

7 

qv 
nkT 
- 

1 = 1  e 
0 

where n is about 1 .7 .  

t o  uni ty ,  The diode, therefore ,  does not fo l low simple Schottky theory .  

We note,  however, t h a t  t hese  diodes have a much lower va lue  of n than  

t h e  GaP/Pt diodes prepared ear l ie r  i n  an  oil-diffusion-pumped system 

(as reported i n  t h e  F i r s t  Quar t e r ly  Report).’ 

t h e  GaP/Pt diodes (about 3.5) was a t t r i b u t e d ,  a t  least  i n  p a r t ,  t o  a 

contaminating o i l  f i l m  between the  GaP surface and t h e  P t  f i lm .  This  

supposi t ion seems even more reasonable  now i n  view of t h e  lower va lue  

of n found f o r  a diode f ab r i ca t ed  i n  a n  o i l - f r e e  vacuum s y s t e m .  

d i f f e r e n t  metals used i n  t h e  two cases could,  however, presumably a l s o  

cause a d i f f e r e n t  value of n. 

For an idea l  Schottky b a r r i e r ,  n should be equal  

The high va lue  of n f o r  

The 

6 
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FIG. 3 LOG I vs. V PLOT FOR GaP/EVAPORATED W DIODE 

The dev ia t ion  of t h e  current  from t h e  exponent ia l  r ise  above one 

v o l t  i s  probably caused by t h e  l a t e r a l  r e s i s t a n c e  drop i n  t h e  W f i l m .  

Large l a t e r a l  cu r ren t  flows a r e  a n a t u r a l  consequence of using a simple 

point  con tac t  t o  t h e  f i l m  made by the tungsten probe. The l a t e ra l  f i l m  

r e s i s t a n c e  can be est imated from the  d e v i a t i o n  noted t o  be about 200 

ohms. 

7 



3. 1/C2 vs.  V Data 

The small-s ignal  ac capaci tance,  c, of t h e  b a r r i e r  on one of t h e  two 

good GaP/W diodes was measured as a func t ion  of dc b i a s  vol tage .  A p l o t  

of 1 /C  v s .  V i s  shown i n  Fig.  4 .  The vol tage-axis  i n t e r c e p t  i s  about 1.5 

v o l t s ,  t h u s  i nd ica t ing  a b a r r i e r  height  equal  t o ,  o r  perhaps s l i g h t l y  

less, than t h i s  value,  A s  w i l l  be pointed out i n  Sec. 11-C-2, an i n t e r -  

f a c i a l  l ayer  between t h e  semiconductor sur face  and t h e  metal f i l m  can 

cause a l a rge r  vol tage-axis  i n t e r c e p t  V than  t h e  t r u e  d i f f u s i o n  p o t e n t i a l  

2 

0 

I I I 1 4 
+2.0 + 1.0 0 -lo -2.0 

FWD. REV. 

BIAS- volts 
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of t h e  b a r r i e r ,  with t h e  l a r g e r  values  of V corresponding t o  t h i c k e r  
2 'BO 0 

i n t e r f a c i a l  l aye r s .  I n  t h e  F i r s t  Quar te r ly  Report, 1 /C  vs .  V d a t a  were 

presented f o r  GaP/Pt diodes prepared i n  an oil-diffusion-pumped vacuum 

system.'* The va lues  of V found f o r  t h e s e  diodes was between 3 and 4 

v o l t s ,  i n d i c a t i n g  a r e l a t i v e l y  t h i c k  i n t e r f a c i a l  f i l m  of pump o i l .  

GaP/W diodes under d i scuss ion  now were prepared i n  an o i l - f r e e  vacuum 

system, and t h e  low value of Vo shown i n  Fig. 4 i n d i c a t e s  l i t t l e  o r  no 

i n t e r f a c i a l  contamination. This  subjec t  i s  t r e a t e d  i n  d e t a i l  i n  Appendix 

B. 

0 

The 

2 
I n  t h e  forward d i r e c t i o n  t h e  1/C curve appears  t o  go t o  ze ro  

a t  about 0.8 v o l t s .  The s i m p l e s t  explanat ion f o r  t h i s  i s  t h a t  a small  

a r e a  of t h e  diode has a low b a r r i e r  of about 0.8 e V  whose capac i tance  

t h e r e f o r e  approaches i n f i n i t y  a s  t h e  b i a s  approaches 44.8 v o l t s .  The 

uniformity of t h e  b a r r i e r  over t h e  a rea  of t h e  diode i s  of g rea t  impor- 

tance  f o r  t h e  opera t ion  of t h e  cathode. 

cont inuous ly-d is t r ibu ted  range of b a r r i e r  he ights .  A t  l o w  forward b i a ses ,  

e s s e n t i a l l y  a l l  t h e  forward cu r ren t  w i l l  be c a r r i e d  by those  a reas  having 

t h e  lowest b a r r i e r  he ight .  The hot e l e c t r o n s  generated by t h e s e  low 

barriers might w e l l  be below t h e  vacuum energy l eve l ,  and t h e  emission 

e f f i c i e n c y  a t  low b i a s  l e v e l s  might t he re fo re  be very low. For tuna te ly ,  

a s  t h e  b i a s  i s  increased,  t h e  c u r r e n t  f lowing through t h e  low-barr ier  

a r e a s  w i l l  become se r i e s - r e s i s t ance - l imi t ed ,  s o  t h a t  a l a r g e r  proport ion 

of hot e l e c t r o n s  t o  "warm" e l ec t rons  would be generated. The emission 

e f f i c i e n c y  would thus  inc rease  rap id ly  with inc reas ing  b i a s ,  so  t h a t  a t  

h igh  b i a s  l e v e l s  t h e  e f f i c i e n c y  might not s u f f e r  s i g n i f i c a n t l y  from 

b a r r i e r  nonuniformit ies .  

Consider a diode having a 

I t  can even be specula ted  t h a t  t h e  dev ia t ion  of t h e  I -V 

c h a r a c t e r i s t i c s  from i d e a l  Schottky theory  i s  a simple consequence of 

b a r r i e r  height  nonuniformity. I n  Fig. 3, f o r  ins tance ,  t h e  cur ren t  in-  

c reased  exponent ia l ly  with vol tage,  but with a c o e f f i c i e n t  t h a t  was too  

low by a f a c t o r  of 1.7. Such behavior would be q u a l i t a t i v e l y  cons i s t en t  

wi th  a cont inuous ly-d is t r ibu ted  range of b a r r i e r  heights .  

* 
See Figs .  12 and 13, p. 26. 
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Fur ther  evidence of bar r ie r -he ight  nonuniformity w i l l  be pre- 

sented in  t h e  fol lowing sec t ion .  

4 .  Hot-Electron Data 

One of t h e  two good GaP/W diodes  was mounted a t  t h e  focus  of 

an e l l i p t i c a l  mirror  posi t ioned t o  focus t h e  l i g h t  from t h e  e x i t  por t  of 

a PE112 spectrometer.  Contact t o  t h e  tungs ten  f i l m  was made with a gold 

w i r e  spr ing  probe, and t h e  diode w a s  mounted on an x-y-z micropos i t ioner  

s o  t h a t  t h e  photovol ta ic  response could r e a d i l y  be maximized. 

shows a p lo t  of t h e  square root  of t h e  p h o t o v o l t a g e f i v s .  t h e  photon 

energy. Ext rapola t ion  of t h e  s t r a i g h t  l i n e  por t ion  of t h e  curve t o  t h e  

energy a x i s  y i e l d s  an i n t e r c e p t  of 1.42 eV,  t hus  i n d i c a t i n g  a b a r r i e r  

height  of t h i s  magnitude. This va lue  i s  considered t o  be more accu ra t e  

than t h e  value of 1.5 e V  obtained from t h e  1 /C  vs .  V p lo t ,  and it  i s  

wi th in  t h e  experimental  e r r o r  of t h e  l a t te r .  

Figure 5 

2 

The cause f o r  t h e  maximum and minimum photovoltage observed i n  

t h e  p l o t  a t  values  of hv equal  t o  about 2.15 e V  and 2.25 eV,  r e spec t ive ly ,  

i s  not understood a t  t h e  present  t i m e .  The dev ia t ion  from t h e  s t r a i g h t -  

l i n e  region observed f o r  photon energ ies  less than  about 1.55 e V  can be 

understood very simply i n  terms of a nonuniform b a r r i e r  he ight ,  as d i s -  

cussed previously.  

i n  terms of t h e  r e l a t i v e  magnitudes of t h e  areas having b a r r i e r  he igh t s  

lower than 1.42 e V .  

t h a t  most of t h e  diode area--say 80 t o  90 percent--has a barr ier  height  

of 1.42 eV. This  leaves  perhaps 10 t o  20 percent  of t h e  area having 

b a r r i e r s  ranging from 1.42 e V  down t o  perhaps 0.8 e V  (as  determined by 

t h e  1/C v s .  V p l o t ) .  

11 I n  f a c t ,  t h e  s ize  of t h e  t a i l "  can be i n t e r p r e t e d  

I t  would appear, i f  t h i s  i n t e r p r e t a t i o n  i s  c o r r e c t ,  

2 

B. WORK FUNCTION OF TUNGSTEN/BaO 

1. Experimental Procedure 

When w e  found t h a t  vacuum b a r r i e r s  below 1.5 e V  could not be 

obtained by a c t i v a t i n g  evaporated P t  f i l m s  wi th  BaO,' i t  was decided t o  

use W i n  place of t h e  Pt .  The procedure in a c t i v a t i n g  wi th  BaO has been 

descr ibed i n  previous r epor t s .  A t  least  one s i g n i f i c a n t  change has been 

made, however. 
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FOR G a P A  DIODE 

It was previously thought a rap id  evaporat ion of BaO would re- 

s u l t  i n  t h e  l i b e r a t i o n  of f r e e  Ba, which could be de t r imenta l .  

a n a l y s i s  of t h e  evaporat ion process i s  included as Appendix A t o  t h i s  

r e p o r t .  I t  w a s  performed by D r .  Cubiocc io t t i ,  a S c i e n t i f i c  Fellow i n  

the ?5ysizal Sciences Division at the Ins t i tu te .  This anal-=is -.I ” i n d i c a t e s  

free Ba can be produced i n  t h e  reac t ion  of BaO with r e f r a c t o r y  metal 

h e a t e r s  such a s  W and Mo. 

An 

I n  addi t ion,  t h e  oxides of those  r e f r a c t o r i e s  
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a r e  produced, which would inc rease  t h e  value of t h e  work func t ion  of t h e  

surface.  When a Pt hea te r  i s  used f o r  t h e  source,  however, t h e s e  e f f e c t s  

a r e  considerably reduced o r  completely absent .  

In  t h e  experiments t h a t  fol low,  Pt h e a t e r s  were used a t  a 

temperature of 1100'C. 

monolayer p e r  minute,  which is  much more rap id  than obtained previously.  

This  procedure has  t h e  advantage of reducing t h e  amount of gas occluded 

i n  the  BaO f i l m  dur ing  depos i t ion .  

A s  a r e s u l t  t h e  evaporat ion r a t e  was about one 

2. Run N o .  1 

This experiment was set up t o  accomplish s e v e r a l  ob jec t ives :  

a.  To form a GaP/W diode and t o  confirm t h e  

he ight  of t h e  metal/semiconductor b a r r i e r .  

b. To a c t i v a t e  t h e  W wi th  BaO and measure t h e  

he ight  of t h e  vacuum b a r r i e r .  

c. To obta in  e l e c t r o n  emission by applying 

forward b i a s  t o  t h e  diode,  i f  t h e  b a r r i e r s  

measured i n  (a)  and (b) were compatible.  

A GaP c r y s t a l ,  wi th  preformed ohmic c o n t a c t s  of Ag-Te on one 

s i d e  and evaporated Pt contac t  a r e a s  on t h e  o the r  s i d e ,  was mounted on 

a r o t a t i n g  assembly i n  t h e  o i l - f r e e  vacuum system. We planned t o  eva- 

porate  approximately 100 A of W by monitoring t h e  r e s i s t a n c e  ac ross  t h e  

Pt  contacts  dur ing  t h e  evaporat ion.  The f i l m  depos i ted  w a s  s e v e r a l  

hundred Angstroms i n  th ickness ,  however, because of i n t e r m i t t e n t  electri- 

c a l  contact t o  t h e  r o t a t i n g  assembly. The GaP/W b a r r i e r  could not be 

measured pho toe lec t r i ca l ly  w i t h  such a t h i c k  W f i l m ,  so  t h e  BaO ac t iva -  

t i o n  was s t a r t e d  a f t e r  r o t a t i n g  t h e  c r y s t a l  assembly approximately 45' 

t o  face the  BaO source. Very l i t t l e  p h o t o s e n s i t i v i t y  was obtained,  and 

t h e  presence of water vapor i n  t h e  vacuum system was suspected due t o  

an i n s u f f i c i e n t  bake-out. When t h e  P t  f i l amen t  i n  t h e  BaO source  burned 

out the experiment was terminated.  

0 

Although none of t h e  o b j e c t i v e s  were achieved i n  t h i s  experiment , 
good GaP/W-Pt diode c h a r a c t e r i s t i c s  were obtained wi th  no i n d i c a t i o n  of 

d e t e r i o r a t i o n  i n  vacuum, a s  was t h e  case wi th  p o l y c r y s t a l l i n e  T i 0  
2' 
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3. Run No. 2 

Another experiment was then cons t ruc ted  t o  measure only t h e  

vacuum b a r r i e r  of BaO-activated W. A s u b s t r a t e  of hydrogen-fired shee t  

Mo was placed a t  a 45’ angle  t o  t h e  viewing p a r t  so  t h a t  o p t i c a l  measure- 

ments could be made. A r o t a t i n g  s h u t t e r  con t ro l l ed  by an e x t e r n a l  

magnet was used t o  s h i e l d  t h e  s u b s t r a t e  dur ing  t h e  conversion of t h e  

BaCO t o  BaO. A c i r c u l a r  depos i t  of W was evaporated on t o  t h e  Mo, but 

a sho r t  developed i n  t h e  e l e c t r o n  gun before a t h i c k  f i l m  could be de- 

pos i ted .  BaO w a s  then evaporated u n t i l  a maximum p h o t o s e n s i t i v i t y  

was obtained.  

3 

The l i g h t  was not r e s t r i c t e d  t o  t h e  W a r ea  because t h e  work 

func t ion  of BaO on sheet  Mo had been measured previously a s  1.75 t o  1.80 

eV, and i f  t h e  value f o r  W was i n  t h e  v i c i n i t y  of 1 .4  e V ,  i t  could be 

d i s t ingu i shed  from t h e  Mo/BaO response. When a s i n g l e  value of 1.86 e V  

was obtained with no i n d i c a t i o n  of a lower i n t e r c e p t ,  i t  was concluded 

t h a t  t h e r e  was i n s u f f i c i e n t  W evaporated. 

The need f o r  a good vacuum t o  form and maintain a low work 

func t ion  su r face  with BaO has been acknowledged. 

q u a l i t y  of t h e  vacuum requi red  was obtained i n  t h i s  experiment. 

s u r e  of 1.4 X 10 t o r r  was observed a t  t h e  pump during t h e  work func t ion  

measurements. Based upon subsequent measurements with a Redhead Magnetron 

gauge coupled t o  t h e  experimental  chamber, t h e  a c t u a l  vacuum i n  t h e  region 

of t h e  cathode was estimated t o  be i n  t h e  6-8 X 10 

t h e  evaporat ion of t he  BaO t h e  pressure probably rose  t o  t h e  v i c i n i t y  

of 5 x low8 t o r r .  

Some i n d i c a t i o n  of t h e  

A pres- 
-9 

-9 t o r r  range. During 

A p l o t  of t h e  peak pho toe lec t r i c  response vs .  t i m e  i n  hours f o r  

t h e  BaO on Mo i s  shown i n  Fig. 6. 

i n g f u l  as t h e  photon energy a t  t h e  peak a l s o  s h i f t e d  wi th  t i m e .  

of X v s .  photon energy p l o t s  were made from the  da t a  t o  ob ta in  a measure 

of t h e  degradat ion i n  work func t ion  with t i m e .  

i nc reased  f rm 1.86 eV t o  2.5 e V  i n  24 hours. 

This is i n t e r e s t i n g  but not  t o o  mean- 

A series 

As shown i n  Fig.  7 ,  i t  
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TIME-hrs 

FIG. 6 PLOT OF PEAK PHOTORESPONSE OF W/BaO vs. TIME (Run #2) 

Assuming a s t i c k i n g  f a c t o r  of 0.10 on t h e  su r face  of t h e  Ba , 
a monolayer of t h e  r e s idua l  a i r  w i l l  form on t h e  su r face  i n  approximately 

6.5 hours a t  a pressure  of 7 X 10 t o r r .  By t h i s  t i m e  t h e  work func t ion  

had increased 0.36 e V .  

-9 

4. Run No. 3 

The experiment descr ibed i n  Run #2 d i d  not  provide any informa- 

t i o n  on the  a c t i v a t i o n  of evaporated W w i th  BaO, so  w e  repeated it wi th  

a t h i cke r  depos i t  of W on the M o  s u b s t r a t e .  The BaO w a s  appl ied  i n  a 

series of 5 minute evaporat ions.  A f t e r  each evapora t ion  a record ing  

was made of t h e  s p e c t r a l  response.  These r e s u l t s  were p l o t t e d  up i n  

a set of G v s .  hv curves shown i n  Fig.  8a, 8b, and 8c. 

funct ions obtained from t h e  i n t e r c e p t s  of t h e s e  curves are p l o t t e d  as 

a funct ion of accumulated depos i t ion  t i m e  i n  Fig.  9. 

The work 

A value of 4.36 e V  from Suhrmann and Wedler2 w a s  used f o r  t h e  

work funct ion of t h e  f r e s h l y  evaporated W. More readings  should have 

been taken i n  t h e  f irst  five-minute i n t e r v a l ,  but t h e  va lues  obtained 

a f t e r  5 and 10 minutes  of evaporat ion i n d i c a t e  t h e  same s o r t  of 

14 
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FIG. 7 PLOT OF WORK FUNCTION OF W/BaO vs. TIME (Run #2) 

i n f l e c t i o n  i n  t h e  value of cp observed by Moore and All ison3 i n  the  

e a r l y  s t ages  of t h e  a c t i v a t i o n .  

O p t i m u m  a c t i v a t i o n  occurred a f t e r  30 minutes of evaporat ion.  

Refer r ing  again t o  t h e  r e s u l t s  of Moore and Allison3, w e  i n f e r  t h e  th i ck -  

ness  of t h e  BaO depos i t  was i n  t h e  range of 20-30 monolayers. Continuing 

t h e  evaporat ion f o r  another  5 minutes r e s u l t e d  i n  t h e  s l i g h t  i nc rease  

i n 9  t h a t  has been observed by other   investigator^.^ 
obtained after 35 minutes evaporation t i m e  (Fig. 8c) i n d i c a t e s  some 

s c a t t e r i n g  of photo-excited e l ec t rons  i n  t h e  BaO f i lm .  For s t i l l  t h i c k e r  

BaO f i l m s  t h e  pho toe lec t r i c  response would u l t i m a t e l y  approach t h a t  of 

bu lk  BaO. 

The lower response 
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FIG. 8 Concluded 

Figure 10 is  a Fowler p l o t  of t h e  response obtained wi th  optimum 

This y i e l d s  a va lue  of 1.39 e V ,  whi le  t h e  G v s .  hv p l o t  a c t i v a t i o n .  

y i e l d s  1.47 e V .  Considering t h e  inherent  inaccurac ies  i n  making t h e  

measurements and i n t e r p r e t i n g  t h e  r e s u l t s ,  t h e  most probably va lue  f o r  

t h e  work func t ion  of t h e  W/BaO sur face  is  1.45 e V .  This  i s  only 0.03 

e V  h igher  than t h e  GaP/W b a r r i e r  reported i n  Sec. 11-A-4. It i s  there-  

f o r e  l i k e l y  a GaP/W/BaO cathode s t r u c t u r e  w i l l  e m i t ,  a l though t h e  

e f f i c i e n c y  might be low. 

I t  i s  i n t e r e s t i n g  t o  note  t h a t  t h e  curves f o r  5 and 10 minute 

evaporat ion times (Fig.  8a) a r e  concave upward. This  i s  q u i t e  poss ib ly  

an i n d i c a t i o n  t h e  BaO i s  not condensing on t h e  s u b s t r a t e  as  a uniform, 

continuous l aye r .  As t h e  evaporation i s  continued, a more uniform work 

func t ion  over t h e  su r face  a r e a  is  obtained, y i e ld ing  t h e  more nea r ly  

l i n e a r  p l o t s  shown i n  Figs. 8b and 8c. Thus, i t  would appear a con- 

t inuous  BaO f i l m  i s  only obtained fo r  f i l m s  on t h e  order  of 10 t o  15 

monolayers t h i ck .  
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FIG. 9 P L O T  OF WORK FUNCTION vs. DEPOSITION TIME FOR W/BaO (Run #3) 

C. THEORETICAL CONSIDERATIONS 

1. BaO Evaporation 
* 

A considerable  ainount of information of evaporat ing BaO has 

been published s ince  Moore and A l l i s o n ' s  paper3 i n  1950. 

l i t e r a t u r e  h a s  been reviewed, and a f e w  s i g n i f i c a n t  po in t s  a r e  summarized 

below. A t a b l e  (Table I )  of minimum values  of work func t ions  has a l s o  

been prepared. This  t a b l e  inc ludes  t h e  method of measurement and some 

information on preparat ion.  

Some of t h i s  

a.  Russel and Eisenstein '  measured evapora t ion  
r a t e s  using a r a d i o a c t i v e  tracer, Bal4OC%. 
With t h e  source a t  1310°K, they depos i ted  

* 
This  sec t ion  i s  reproduced from t h e  F i r s t  In t e r im  Report on Contract  
DA-44-009 AMC-1206 (T) .' 

18 



- - 40 - 20 20 

n o  i 
I Jp 

- 2  - -  

-3 - -  

- 4  - -  

-5  

-7 -d 

40 60 80 IO0 

FIG. 10 FOWLER PLOT FOR W/BaO PHOTOTUBE WITH OPTIMUM ACTIVATION 

19 



Substrate 

Mo 

Mo 

W 

W 

Ta 

Ta 

N i  

W 

Mo 

Ta 

Mo 

Mo 

Evaporated N1 
Evaporated W 

Evaporated Cc 

Evaporated OE 

W f o i l  

Minimum 
Work 

Function 
(eV) 

1.0 

1.2 

1.1 

1.2 

1.0 

1.3 

1.27 

2.0 

1.0 

1.70 

1.20 

1.69 * 
4 . 7  

* 
-1.25 

* 
-1.5 

-1.4 

-2.1 

-1.6 

-1.65 
* 

Table I 

BaO ACPIVATION RESULTS 

Type of 
Measurement 

Thermionic 

Thermionic 

Thermionic 

Thermionic 

Thermionic 

Thermionic 

Thermionic 

Retarding 
po ten t i a l  

Thermionic 

Photoelectric 

Thermionic 

Photoelectric 

Retarding 
po ten t i a l  

Contact 
po ten t i a l  
difference 

Not specif ied,  
but most l i k e l y  
retarding po- 
t e n t i a l  mea- 
surement s 

Contact 
po ten t i a l  
difference 

Remarks 

10-30 monolayers 

1 monolayer 

10-30 Monolayers 

1 monolayer 

10-30 monolayers 

1 monolayer 

27 monolayers with 
N i  subs t r a t e  a t  800'K 

Electric f i e l d  appliel 
during evaporation 

Relat ively th i ck  de- 
posi ts .  Different 
types of measurements 
made on same cathode 

Obtained i n  10 secs 
with source a t  1223'K 

Mo subs t r a t e  heated 
t o  1270'K during 
deposi t ion 

Measurements made 
with subs t r a t e s  a t  
78' K 

W s u b s t r a t e  a t  1100'K 
very slow deposi t ion 
r a t e  

Reference 

Moore and Allison3 

Moore and Allison3 

Moore and Allison3 

Moore and Allison3 

Moore and Allison3 

Moore and Allison3 

Russel and 
Eisenstein' 

Hopkins and 
Ross7 

Narita' 

F1 o r i  0" 

Kirsanova and 
Shul man'' 

Pt  ushins k i  ill 

Kirsanova, 
Shul'man and 
Dement eva4 

* 
Work function values f o r  the last fou r  references were read from graphs. 
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c 
one monolayer i n  27 minutes through a 
5-mm a p e r t u r e  with a source- to-substrate  
spacing of 7 mm. They r epor t  t h e  ra te  
doubles f o r  each 15 degrees inc rease  i n  
temperature . 

b. Russel and Eisenstein '  a l s o  observed t h e  
e f f e c t s  hea t ing  t h e  s u b s t r a t e  had upon t h e  
s t r u c t u r e  of t h e  BaO depos i t ,  With a 
polished N i  s u b s t r a t e  heated t o  800°K, t h e  
f i lms  were c r y s t a l l i n e  when examined a t  room 
temperature.  For s u b s t r a t e  temperatures  

When 
c r y s t a l l i n e  depos i t s  were subsequently heated 
t o  1070'K and higher ,  they  re turned  t o  an  
amorphous s t a t e .  A minimum thermionic work 
func t ion  a t  1 .27 e V  was obtained f o r  27 mono- 
l a y e r s  of BaO deposi ted on t h e  N i  s u b s t r a t e  
heated t o  8 0 0 ° K .  

450°K, t h e  f i lms  were amorphous. 

c. Hopkins and Ross7 measured a minimum work 
func t ion  of 2.0 e V  f o r  BaO on W by means of 
r e t a r d i n g  p o t e n t i a l  p lo t s .  This  r e s u l t  was 
obtained by applying 100 v o l t s  between t h e  
BaO source and t h e  W s u b s t r a t e  dur ing  
evaporation. Without t h i s  f i e l d  t h e  work 
func t ion  was 0.8- t o  1.0-eV higher .  One 
poss ib l e  i n t e r p r e t a t i o n  i s  t h a t  t h e  r e s u l t  
was caused by t h e  o r i en ta t ion  of t h e  BaO 
molecules on t h e  W i n  t h e  presence of t h e  
f i e l d .  

d .  Narita' measured t h e  work func t ion  of BaO 
on Mo and Ta s u b s t r a t e s  thermionica l ly  and 
pho toe lec t r i ca l ly .  For t h i n  f i l m s  of BaO 
t h e r e  was good agreement between t h e  two 
measurements, but the  va lues  of 'p were of 
t h e  order  of 2.0 e V ,  For t h i c k e r  f i l m s  
of BaO, t h e  thermionic values  approached 1.0 e V  
and were 0.5- t o  0.7-eV lower than  t h e  photo- 
electric values .  

e. Flor io9 descr ibes  a retarding-f  i e l d  technique 
f o r  measuring t h e  e f f e c t  of evaporat ing BaO. 
This  technique u s e s  t h e  cur ren t -vol tage  r e l a t i o n  

2 
Ir = SAT exp [-e<- Va + cpa)/kT] 

wnere I, is t h e  reiariiirig f i e i d ,  '4 
anode vol tage,  s i s  t h e  emitter area,  and 

is t h s  a 
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2 2  
A = 120 amperes/cm /deg * 

Provided t h e  Source temperature,  T, remains 
cons tan t ,  t h e  change i n  t h e  appl ied  vol tage,  
Va, necessary t o  maintain a constant  va lue  of 

i s  a measure of t h e  decrease  i n  t h e  anode Ir, work func t ion ,  (pa. 
supply f o r  t h e  test  diode, a continuous record ing  
of t h e  change i n  anode work func t ion  can be made. 

Using a cons tan t  cu r ren t  

f .  Dueker and Hensley,12 i n  a s tudy of t h e  energy 
d i s t r i b u t i o n  of t h e  pho toe lec t r i c  emission from 
BaO, found t h e  emission threshold  was reduced by 
approximately 0.3 e V  a f t e r  applying 0.6 mono- 
l a y e r  of Ba t o  t h e  su r face  of t h e  BaO cathode. 
They experimented with t h r e e  types  of BaO: 
thermal reduct ion  of sprayed BaC-, ox ida t ion  
of evaporated f i l m s  of Ba, and evaporated f i l m s  
of BaO. They found t h a t  t h e  evaporated BaO 
gave them t h e  most s a t i s f a c t o r y  r e s u l t s .  

2. Metal/Semiconductor Barriers 

Barriers: The b a r r i e r  he ight  d a t a  f o r  GaP/Pt, as published 

i n  t h e  F i r s t  Quar t e r ly  Report, w i l l  be i n t e r p r e t e d  here  i n  d e t a i l .  

w i l l  be based upon models suggested by Cowley. 

This  
13 

2 The f a c t  t h e  i n t e r c e p t  of t h e  1 /C  p l o t  f o r  a metal/semiconductor 

junc t ion  is l a r g e r  than t h e  t r u e  d i f f u s i o n  p o t e n t i a l  when an  i n t e r f a c i a l  

l aye r  i s  present  has been pointed out by Goodman. l4 

s i o n  i n  terms of i n t e r f a c i a l  l a y e r  t h i cknesses  f o r  t h e  d i f f e r e n c e  between 

Vo, t h e  1 / C  

on t h e  assumption t h a t  t h e  amount of charge i n  s u r f a c e  states, if any, i s  

independent of t h e  appl ied bias .  

p l i c i t l e y  der ived.  

t o  predict  t h e  magnitude of V 

semiconductor system with a l l  o the r  parameters held f ixed .  The assumption 

t h a t  Qss, t h e  surface s ta tes  charge, i s  independent of bias  i s  a l s o  open 

t o  quest ion,  

H e  d e r i v e s  an expres- 

2 
i n t e rcep t ,  and VBo, t h e  d i f f u s i o n  p o t e n t i a l .  Th i s  i s  based 

The dependence of VBo on 6 i s  not ex- 

For t h i s  reason, Goodman's express ion  may not be used 

as a func t ion  of 6 f o r  a p a r t i c u l a r  metal/ 
0 

Cowley13 has considered three models f o r  t h e  behavior wi th  b ias  

of t h e  metal/semiconductor j unc t ion  wi th  an i n t e r f a c i a l  l a y e r  and su r face  

s ta tes .  The d i f f e rence  i n  t h e  models involves  t h e  assumed behavior of t h e  
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charge i n  su r face  s t a t e s  when an applied b i a s  i s  impressed. Refer r ing  

t o  Fig. 11, t h e  fo l lowing  r e l a t i o n s  f o r  t h e  m e t a l / i n t e r f a c i a l  l aye r /  

semiconductor sys tem,  with and without b i a s ,  r e spec t ive ly ,  a r e  v a l i d :  

A = ND(vE3 - v2)]1/2 + 'ss (Gauss' Law) . (3b) 
'i 

and 

A = - 6 {2eesND (vBo - v 2 + Qss 0 8  i 

where subscr ip ted  zeroes  i n d i c a t e  t h e  va lue  of a quan t i ty  when no b i a s  

i s  appl ied .  The important q u a n t i t i e s  i n  equat ions  (3) and (4) a r e  de- 

f i ned  i n  Fig. ll. The V term i s  the  r e se rve  l a y e r  c o r r e c t i o n  and i s  

o r d i n a r i l y  small, of t h e  order  of 30 mV. 

f e r e n t  models regarding su r face  s t a t e  dependence on bias can now be 

l i s ted :  

2 
The assumptions f o r  t he  d i f -  

Model No. 1: For t h e  case  of an in t ima te  metal/  

semiconductor contac t  (Very t h i n  i n t e r f a c i a l  f i lm) ,  

i t  i s  assumed t h a t  t h e  Fermi l e v e l  a t  t h e  s e m i -  

conductor su r face  remains "pinned" t o  t h e  Fermi 

l e v e l  i n  t h e  metal. In t h i s  ca se  t h e  change i n  

s u r f a c e - s t a t e  charge when a b i a s  i s  appl ied  i s  

given by 

- -  - e D  (A - Ao) 
AQSS S 

Model No. 2: The assumption i s  made here  t h a t  t h e  

change i n  t h e  e l e c t r o n  quasi-Fermi l e v e l  a t  t h e  s e m i -  

conductor s u r f a c e  due t o  an appl ied  b i a s  i s  equal t o  

in t h e  potentia: cl'iaiige 82r"GSS the izterfscial film, 

which case  t h e r e  w i l l  be no change i n  Q with an 
ss 

(5) 
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FIG. 11 (a) METAL-SEMICONDUCTOR WITH APPLIED REVERSE BIAS 
(b) METAL-SEMICONDUCTOR IN EQUILIBRIUM 
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appl ied  b i a s .  There i s  no - a p r i o r i  reason f o r  

assuming t h a t  Q remains f ixed  when a bias i s  

app l i ed ;  i n  general ,  one expects  t h a t  Qss w i l l  

change with b i a s .  The assumption of hQ /hV 0 

does, however, lead t o  a mathematically t r a c t a b l e  

model which i n  most cases w i l l  t u r n  out t o  provide a 

use fu l  approximation t o  t h e  a c t u a l  j unc t ion  behavior.  

ss 

ss 

Model No.  3: For t h i c k  i n t e r f a c i a l  layers ,  t h e  

Fermi l e v e l  a t  t h e  semiconductor surface w i l l  re- 

main f ixed  a t  t h e  Fermi l e v e l  i n  t h e  bulk semi- 

conductor. This  i s  t h e  assumption usua l ly  made 

i n  f i e l d  e f f e c t  measurements of t h e  su r face - s t a t e  

d e n ~ i t y . ' ~ ~ ' ~  

s ince  t h e  requirement f o r  a t h i c k  (M 1000 A) f i l m  

is  obviously not  f u l f i l l e d .  

This  m o d e l  w i l l  not  be used here,  
0 

Analysis  of Model No. 1: 

W e  a r e  u l t imate ly  i n t e r e s t e d  i n  obtaining an expression f o r  t h e  de- 

p l e t i o n  capaci tance of t h e  junc t ion  as a func t ion  of appl ied  b i a s .  The 

dep le t ion  capaci tance i s  def ined as  the  d e r i v a t i v e  of t h e  charge e n t e r i n g  

one contac t  with r e spec t  t o  t h e  applied vol tage .  Since f o r  t h i s  model 

w e  are assuming t h a t  t h e  su r face  Fermi l e v e l  i s  pinned t o  t h e  Fermi l e v e l  

i n  t h e  metal, any change i n  sur face-s ta te  charge i s  provided by t h e  metal .  

Calcu la t ion  of t h e  dep le t ion  capaci tance t h e r e f o r e  involves t ak ing  t h e  

d e r i v a t i v e  of t h e  semiconductor space charge Qsc with  respec t  t o  b i a s  

vo l t age  V. 

and t h e  r e s u l t  is  

The a lgebra  f o r  t h i s  c a l c u l a t i o n  has been performed by Cowley 

-1/2 

1 v1 
1/2 + a ( E g  - 'Po - yn) 'ms 

c = ['"; ""3 [v + l + C Y  + 4 ( 1  4- a)' - v2 

(6 1 
2 

f a raddm . .. 
where 

6 a = e D  - 
s ei (7) 
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2 
and D 

a constant .  The expression f o r  t h e  capac i tance  i s  obtained by f i r s t  using 

Eqs. (31, (41, and (5) t o  so lve  f o r  V 

i s  t h e  sur face  s ta tes  dens i ty  i n  states/cm / e V ,  regarded here a s  
S 

- V2, and then  us ing  t h e  r e l a t i o n  

t o  obtain t h e  space charge. D i f f e r e n t i a t i o n  of Eq. (9) wi th  respec t  t o  

appl ied (reverse)  b i a s  V y i e l d s  Eq. (6). 

Squaring and i n v e r t i n g  t h e  capaci tance r e l a t i o n  Eq. (6) y i e l d s  

v1 + @(Eg - 'Po - yn) 
- v2 2 + 'Pms 

4(1 + a) [ v +  l + C Y  
1 

C 
- -- 

2 - ecsND 

The voltage-axis i n t e r c e p t  of Eq. (11) i s  given by 

v1 - v2 1 .  t CY(Eg - '9, - 'p,) 
2 0 l + C Y  + 

4(1 f CY) 

Inspect ion of t h e  GaP/Pt d a t a  i n  Figs .  12 and 13 of t h e  F i r s t  Quar t e r ly  

Report' shows t h e  va lue  of V 

t r u e  value of V 
BOJ 

only about 1.4 e V .  

d iodes prepared i n  an o i l - d i f f u s i o n  vacuum s t a t i o n .  

r epor t s  t h a t  f o r  GaP/Pt diodes prepared i n  a Vac-Ion vacuum s t a t i o n ,  

c l o s e  agreement was obtained between va lues  of V and V and t h a t  

Vo w VBo a 1.45 e V .  

i n  t h e  two vacuum s t a t i o n s  can d e f i n i t e l y  be a sc r ibed  t o  t h e  formation 

of a contaminating f i l m ,  presumably d i f f u s i o n  pump o i l ,  i n  t h e  case of 

here  is  of the order  of 3 t o  4 eV,  whi le  t h e  
0 

a s  determined from photo threshold  measurements, i s  

Cowley13 has repor ted  s imilar  observa t ions  f o r  GaP/Pt 

I n  add i t ion ,  Cowley 

0 BO' 
The d i f f e r e n c e  i n  behavior between d iodes  prepared 
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t h e  diodes prepared i n  t h e  o i l  s y s t e m . 1 7  

c r i b e s  t h i s  s i t u a t i o n  must t h e r e f o r e  show V inc reas ing  r ap id ly  w i t h  6 ,  

t h e  i n t e r f a c i a l  l aye r  th ickness ,  and should show V changing much more 

slowly with 6 .  A d e t a i l e d  inspec t ion  of Eq. (12) r e v e a l s  i t  approaches 

a l i m i t  a s  t h e  i n t e r f a c i a l  l a y e r  th ickness  g e t s  large. The l i m i t i n g  va lue  

of Eq. (12) i s  

A model which c o r r e c t l y  des- 

0 

BO 

17 -3 13 -2 
For GaP/Pt, assuming N 5 X 10 cm , Ds Ir 3 X 10 c m  e V - l  , 
e = 10eo, and 'p 

D l  
% -  E according t o  Cowley and SzJ8 V has  

S 0 + 'pn 3 g' 0 

a l i m i t i n g  value of about 1 .5  e V .  This i s  c l e a r l y  not  i n  accord with 

experiment, s ince  t h e  observed value of V f o r  Gap/= w a s  between 3 and 

4 v o l t s .  Furthermore, s ince  t h e  assumption upon which Model #1 i s  based 

i s  t h a t  6 i s  very small, it i s  not expected t h a t  t h e  r e s u l t  of t h e  above 

l i m i t i n g  process w i l l  be meaningful. W e  t he re fo re  conclude t h a t  w h i l e  

Model #1 might provide a co r rec t  desc r ip t ion  of t h e  behavior of t h e  diode 

capaci tance f o r  very t h i n  i n t e r f a c i a l  l ayers ,  i t  cannot account f o r  t h e  

0 

very 

w i l l  

does 

l a r g e  values  of V observed i n  t h e  experiments descr ibed here .  We 

accordingly proceed t o  an ana lys i s  of Model # 2 .  
0 

Analvsis  of Model No. 2 

I n  t h i s  model it w i l l  be assumed t h a t  t h e  su r face  s ta tes  charge Q 
not  change with appl ied  b i a s .  This  i s  admit tedly not  a phys ica l ly  

ss 

reasonable  assumption, but does lead i n  a s t ra ight forward  manner t o  re- 

s u l t s  which seem t o  approximate t h e  observed behavior of VBo and V 

changes i n  i n t e r f a c i a l  l aye r  thickness .  The r e s u l t i n g  expression f o r  V 

from Cow1eyl8 i s  

wi th  
0 

0 

v 0 = - [VB0 - v2 + 4 v1 + v1 1/22 (VB0 - VZ)1/2] 

where V i s  given by BO 
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+ cY(Eg - 9, - vn) q m s  + 

v =  l + C Y  2(1 + CUI2 BO 

The behavior of V 0 i n  t h e  l i m i t  of l a r g e  6 can be seen a s  fo l lows .  

tends t o  a f i n i t e  l i m i t :  

'BO 

'sND 
l i m  V = (Eg - (po-yn) + - 2 

e D  64.. BO 
S 

2 
Therefore, according t o  Eq. (14), t he  1/C 

as 6 ge ts  l a rge .  

d i c t ed  by E q s .  (14) and (15) i s  a t  l e a s t  q u a l i t a t i v e l y  cons i s t en t  wi th  

t h e  observed behavior. 

i n t e r c e p t  Vo t ends  t o  i n f i n i t y  

This  i n d i c a t e s  t h a t  t h e  behavior of Vo and VBo pre- 

An exact f i t  of t h e  V and VBo d a t a  could probably be made if s u f -  
0 

f i c i e n t  experimental  d a t a  f o r  d i f f e r e n t  known i n t e r f a c i a l  l a y e r  t h i ck -  

nesses  were ava i l ab le .  Since such an a n a l y s i s  i s  not germane t o  t h e  

present  research  and s ince  i n  any case  t h e  i n t e r f a c i a l  l a y e r  th icknesses  

a r e  not known, t h i s  has not been attempted here .  However, some representa-  

t i v e  curves of V and V vs.  6 using l i k e l y  va lues  f o r  t h e  parameters 

vm, yo, Ds, Xs, and c i' 
these  curves are presented i n  Appendix B. 

0 BO 
have been computed from Eqs. (14) and (15) ; 

Alterna te  Model 

I t  w i l l  be shown i n  t h i s  s e c t i o n  t h a t  t h e  GaP/Pt d iodes  are w e l l  

character ized by models based on t h e  m e t a l / i n t e r f a c i a l  layer/semiconductor 

s t ruc tu re ,  if c e r t a i n  assumptions regard ing  t h e  b i a s  dependence of t h e  

su r face - s t a t e  charge a r e  made. The d e t a i l e d  ana lyses  of t h e  var ious  models 

f o r  a metal/semiconductor su r face  b a r r i e r  appear  i n  Appendix B. 
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I t  i s  worth repea t ing  a t  t h i s  po in t  t h e  genera l  f e a t u r e s  requi red  

of a m o d e l  which c o r r e c t l y  descr ibes  GaP/R diodes.  Based on experimental  

observat ions i n  t h i s  labora tory  and on t h e  published r e s u l t s  of a s tudy 

by Cowley and Heffner,'? w e  requi re  t h e  diode m o d e l  t o  p red ic t  t h e  

fol lowing behavior:  

2 
1. The 1 / C  v s .  V r e l a t i o n  must be l i n e a r ,  with a s lope  of 

2/eesND, where e and N a r e  t h e  semiconductor permit- 

t i v i t y  and donor dens i ty ,  r e spec t ive ly ,  and e i s  t h e  

e l e c t r o n i c  charge. 

S D 

2 
2.  The vol tage-axis  i n t e rcep t  V of t h e  1 / C  v s .  V r e l a t i o n  

must increase  rap id ly ,  with increas ing  i n t e r f a c i a l  l a y e r  

th ickness .  

0 

3. For t h i n  i n t e r f a c i a l  layers,  V must agree c l o s e l y  with 
0 

'BO. t h e  d i f f u s i o n  p o t e n t i a l ,  

4 .  For a l l  but t h e  th innes t  i n t e r f a c i a l  l ayers ,  t h e  d i f -  

fu s ion  p o t e n t i a l  must remain r e l a t i v e l y  constant ,  wi th  

changes i n  t h e  th ickness  of t h e  i n t e r f a c i a l  l a y e r ,  

The assumption t h a t  changes i n  su r face  s ta tes  charge wi th  b i a s  are 

given by t h e  expression 

= - eDs(A - Ao> 
AQS s 

which r e s u l t s  i n  expressions f o r  V and V t h a t  s a t i s f y  a l l  but t h e  

second of t h e  requirements l i s t e d  above. The assumption i s  a reasonable 

one f o r  very t h i n  layers .  W e  may the re fo re  conclude t h a t  t h e  proposed 

model f o r  t h i n  l a y e r s  i s  a reasonable one. 

BO 0 

For t h i c k e r  i n t e r f a c i a l  layers ,  i t  has been pointed out t h e  assump- 

t i o n  AQss = 0, while  p red ic t ing  s u b s t a n t i a l l y  co r rec t  behavior f o r  V 

and VBo f o r  very t h i c k  layers ,  i s  not a p r i o r i  reasonable.  

n a t i v e  t o  t h i s  assumption i s  t o  write AQss as 

0 

An a l t e r -  - 

= - eDsA(A - Ao) AQss t 
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where i s  r e s t r i c t e d  t o  be independent of b i a s  and t o  l i e  between z e r o  

and uni ty .  

of the  requirements l i s ted  above i f  h s a t i s f i e s  

Use of Eq. (18) r e s u l t s  i n  an expression which s a t i s f i e s  a l l  

where 6 i s  t h e  i n t e r f a c i a l  l aye r  th ickness  and 6 i s  a cons tan t .  The 

exact  func t iona l  dependence of h on 6 is  not known, but i s  a r b i t r a r i l y  

taken t o  be 

0 

This  expression ev ident ly  s a t i s f i e s  Eq. (19) .  

t r a t i o n ,  6 

For t h e  purposes of i l l u s -  
0 

has been taken t o  be 10 A f o r  GaP/metal diodes.  
0 

I t  i s  i n t e r e s t i n g  t o  consider  t h e  p o s s i b i l i t y  a m e t a l i i n t e r f a c i a l  

layer/semiconductor s t r u c t u r e  without su r face  s t a t e s  w i l l  c o r r e c t l y  

describe t h e  behavior of t h e  GaP/Pt diodes.  This  has been explored i n  

d e t a i l  i n  Appendix B, and a convincing argument aga ins t  t h i s  model has 

been formulated. ca l cu la t ed  

on t h e  basis of t h i s  model, and al though V 

v a r i a t i o n  with 6 ,  t h e  decrease i n  V 

experimentally.  

Figure 12 shows a p l o t  of both Vo and V BO 
has t h e  co r rec t  q u a l i t a t i v e  

0 

shown i n  t h e  f i g u r e  i s  not observed BO 

The dependence of V on metal  and semiconductor parameters,  sur face-  BO 
s ta te  dens i ty ,  and i n t e r f a c i a l  l a y e r  t h i ckness  has  been der ived  i n  

Appendix B. Figure B-9 is  a p l o t  of V v s .  6 f o r  t h e  GaP/Au diode, 

which is q u a l i t a t i v e l y  s imilar  t o  t h e  GaP/Pt d iode .  For comparison, 

V i s  p lo t t ed  f o r  the t h i n  l a y e r  assumption [Eq. (IS)], and i t  I S  seen 

t h a t  the  agreement between V and V i s  indeed c l o s e  f o r  t h i s  model. 

Referring t o  Table 11, t h e  equat ions  corresponding t o  these curves are  

Nos. 1 and 4 .  

l ayers ,  s ince  it v i o l a t e s  t h e  second of our l i s t  of requirements.  

BO 

0 

0 BO 

This  model i s  ev iden t ly  not  v a l i d  f o r  t h i c k e r  i n t e r f a c i a l  

For t h e  assumption AQss = 0, t h e  uppermost curve of Fig.  B-9 i s  

obtained f o r  GaP/Au, corresponding t o  Eq, No. 2 of Table 11, with h = 0 .  
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The q u a l i t a t i v e  behavior of V 

f a c i a l  l aye r s ,  b u t  t h e  behavior f o r  6 2 10 A is  not cons i s t en t  w i t h  

ex per  imen t . 

is seen t o  be c o r r e c t  f o r  t h i c k e r  i n t e r -  
0 

0 

Figure 13 shows t h e  v a r i a t i o n  of V with 6 f o r  GaP/Pt, for t h e  
0 

assumption of Table I1 Eq. (21, and wi th  t h e  func t iona l  dependence of 

2.6 

2.2 
u) 

0 
c - 
i >p 1.8 

9 
I .4 

ID 

0.6 I I I I I I I I I I I I 1 I I I 
20 30 0 lo 

8 - ANGSTROMS 
TA- 5581-10 

FIG. 13 DIFFUSION POTENTIAL AND 1/C2 vs. V INTERCEPT FOR 
A GaP/Pt DIODE - ELECTRON AFFINITY x s  = 4.0 eV 

A on 6 given by Eq. (4). 

e n t i r e l y  cons i s t en t  with t h e  observed experimental  r e s u l t s .  

arguments i n  support  of t h e  me ta l / i n t e r f ac i a l  layer/semiconductor system 

wi th  AQss = - eDsh(A - Ao) are presented i n  Appendix B. 

The behavior of V depicted here  is now 
0 

The d e t a i l e d  

Figure 14 shows t h e  dependence of V on 6 f o r  a number of d i f f e r e n t  BO 
values ,  corresponding t o  Pt, Au, Cu, Ag,  A l ,  and Mg. The behavior 'pms 
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FIG. 14 V,, vs. 6 FOR VARIOUS METALS ON GaP - ELECTRON 
AFFIN ITY x s  = 4.0 eV 

of these  curves i s  i n t e r e s t i n g  i n  t h a t ,  f o r  a given metal, t h e r e  i s  a 

considerably l a rge  range of 6 f o r  which V i s  r e l a t i v e l y  cons tan t ,  con- 

s i s t e n t  with t h e  observed behavior of GaP/Pt diodes.  S imi la r  behavior 

has, i n  f a c t ,  been observed by Cowley and HeffnerL7 f o r  GaP/Au diodes,  

and by Cowley (Appendix B) f o r  GaP/Ag, Cu, Al, and. Mg d iodes .  

BO 

I f ,  f o r  a given va lue  of 6 ,  t h e  va lues  of V a re  taken  from Fig.  16 
BO 

f o r  each metal, t hese  values  can be p l o t t e d  aga ins t  t h e  va lues  of cp, 
(work funct ion)  corresponding t o  each m e t a l .  F igure 15 shows such a p l o t ,  

wi th  the  measured values  of V shown f o r  comparison (A. M. Cowley and 

S.  M. Sze, R e f .  18). The t h e o r e t i c a l  curve  i s  indeed l i n e a r ,  as shown 

by Cowley and Sze, and t h e  bes t  f i t  t o  t h e  measured d a t a  was found f o r  

BO 

6 = 7 A .  

Figures 16 and 17 g ive  t h e  same information a s  F igs .  13 and 14, 

respec t ive ly ,  but with a d i f f e r e n t  va lue  of e l e c t r o n  a f f i n i t y  xs chosen 

for Gap. 
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(Eq. 4 of Table I I )  

3 .  An Al t e rna t ive  Approach 

Scheer and van Laar’’ have r ecen t ly  shown t h a t  an e s s e n t i a l l y  

z e r o  value of e l e c t r o n  a f f i n i t y  can be obtained by depos i t i ng  a s m a l l  

amount of C s  onto t h e  sur face  of a p-type G a A s  c r y s t a l .  For a heavily- 

doped c r y s t a l  t h e  band bending a t  t h e  su r f ace  occurs over a very sho r t  

d i s t ance .  Electrons near  t h e  bottom of t h e  conduction band a s  a r e s u l t  

can have a high p robab i l i t y  of t r ave r s ing  t h e  band-bending region without 

s c a t t e r i n g ,  and thus  can e n t e r  t h e  vacuum. I n  t h e  experiments of Scheer 

and van Laar”, t h e  conduction-band e l e c t r o n s  w e r e  c r ea t ed  by photon 

absorp t ion .  Quantum e f f i c i e n c i e s  i n  terms of photo-emitted e l ec t rons  

per  absorbed photon of g r e a t e r  than 50 percent were achieved. 

An a l t e r n a t i v e  and e f f i c i e n t  way of e s t a b l i s h i n g  a l a rge  number 

of conduction-band e l ec t rons  i n  a p-type region i s  t o  forward-bias an 

n-p junc t ion  arranged s o  t h a t  t he  number of e l e c t r o n s  in j ec t ed  from the  

n-region i n t o  t h e  p-region g r e a t l y  exceeds t h e  number of holes  in j ec t ed  
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FIG. 16 DIFFUSION POTENTIAL AND 1/C2 vs. V INTERCEPT FOR 
GaP/Pt DIODE - ELECTRON AFFINITY x s  = 3.45 eV 

from the  p-region i n t o  t h e  n-region. (This can be achieved i n  ways 

commonly employed f o r  n-p-n t r a n s i s t o r s . )  I n  e f f e c t ,  such a device  i s  

very similar t o  an n-p-n t r a n s i s t o r ,  except t h e  c o l l e c t o r  i s  t h e  vacuum 

ins t ead  of another n-type semiconductor region.  Figure 18 shows energy 

diagrams f o r  t h e  r e s u l t i n g  cathode, without and wi th  b i a s  vo l t ages  appl ied .  

The n-p Junct ion  or simply T r a n s i s t o r  Cathode has  a number of 

po ten t i a l  advantages over t h e  Surface-Barr ier  Cathode. These can be 

summarized as follows : 

(1) Higher e f f i c i e n c y  should r e s u l t  because t h e r e  

a r e  no e l e c t r o n s  l o s t  i n  t r a v e r s i n g  a metal  

f i lm .  
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FIG. 17 V,, vs. 6 FOR VARIOUS METALS ON GaP - ELECTRON 
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(2) Higher cur ren t  d e n s i t i e s  i n t o  t h e  vacuum 

should be achievable  because t h e r e  is no 

t h i n  metal f i l m  t o  burn out a t  high cur ren t  

l eve l s .  

(3) Calcula t ions  ind ica t e  a lower sheet r e s i s t a n c e  

can be obtained w i t h  one micron of degenerate 

p-type GaAs than with 100 A of metal .  

obvia tes  t h e  necess i ty  f o r  a g r i d  overlay.  

(The g r id  lowers t h e  e f f i c i e n c y . )  

The p-n device should be e a s i e r  to f a b r i c a t e  

e 
This 

(4) 

because the  metal f i lm i s  el iminated a s  w e l l  

37 



+OHMIC-- n - REGION - p - REGION -VACUUM - 
I I CONTACT 1 

METAL 

( a  1 WITH NO BIAS VOLTAGE APPLIED. 

ELECTRONS I 

I \ I 

\ I 
I I 

( b )  WITH BIAS VOLTAGE APPLIED. 

FIG. 18 ENERGY DIAGRAMS FOR n-p FUNCTION CATHODE 

as t h e  g r id ,  I t  a l s o  should be easier t o  

make an  ohmic contact  t o  t h e  p-type GaAs, 

r a t h e r  than t o  make good contac t  t o  a t h i n  

metal f i lm,  even with a g r i d .  

A wafer of heavily-doped, p-type GaAs has been ordered S O  

i n i t i a l  eva lua t ion  s t u d i e s  can be conducted r e l evan t  t o  t h i s  approach. 

We hope i n  p a r t i c u l a r  a z e r o  o r  s l i g h t l y  nega t ive  e l e c t r o n  a f f i n i t y  Can 

be achieved using BaO ins t ead  of cs. 
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D. LIFE TESTS 

1. GaP/Pt Diode 

The cur ren t -vol tage  c h a r a c t e r i s t i c  of a GaP/evaporated Pt d iode  

on dynamic l i f e  test was included i n  t h e  F i r s t  Quar t e r ly  Report’ on t h i s  

program. This diode has  now been operat ing on a labora tory  bench i n  t h e  

c lean  room f o r  more than 3500 hours with no apparent change i n  i t s  

c h a r a c t e r i s t i c s .  

2. Ag/BaO Phototube 

The response of a g l a s s  Ag/BaO phototube w a s  measured a t  f r e -  

quent i n t e r v a l s .  The average value of t h e  Pho toe lec t r i c  work func t ion  

from these  measurements is  1.42 eV. The l a s t  measurement a f t e r  8900 

hours of she l f  l i f e  w a s  1.48 e V .  There are areas on t h e  su r face  of t h e  

cathode t h a t  are more ac t ive  than  o thers ,  and by focusing t h e  l i g h t  on 

t h e s e  areas ,  values  a s  low a s  1.35 e V  have been obtained. 
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I11 CONCLUSIONS AND SUMMARY 

G a l l i u m  phosphide/tungsten diodes prepared i n  an o i l - f r e e  vacuum 

system produce a su r face  barrier height of 1.42 e V  f -.03 e V .  There i s  

l i t t l e  or  no evidence of a contaminating i n t e r f a c i a l  layer, as was t h e  

case  f o r  diodes prepared i n  an oil-diffusion-pumped vacuum system. 

is  evidence, however, t h e  barrier i s  not  uniform over the e n t i r e  surface 

area .  T h i s  non-uniformity could reduce e f f i c i e n c y  of t h e  cathode a t  low 

bias l e v e r s .  I t  should not ,  however, i m p a i r  t h e  performance apprec iab ly  

a t  high b i a s  l e v e l s .  

There 

The work func t ion  of evaporated barium-oxide (BaO) on evaporated 

tungs ten  (W) is  1.45 eV k - 0.06 e V .  This  value is  reached a f t e r  an 

evaporat ion t i m e  of about 30 minutes w i t h  a platinum (Pt) boat tempera- 

t u r e  of l l O O ° C .  For t i m e s  s h o r t e r  than t h i s  t h e  BaO f i l m  i s  bel ieved t o  

be discont inuous.  For t h i c k e r  f i l m s  of BaO, t h e  work func t ion  inc reases  

s l i g h t l y ,  and t h e r e  i s  evidence of e l ec t ron  s c a t t e r i n g  i n  t h e  BaO f i l m  

commencing. 

-9 A vacuum of better than  10 Torr is  requi red  t o  maintain a low work 

func t ion  w i t h  evaporated BaO f i l m s .  The p a r t i a l  p ressure  of water  vapor 

i s  probably t h e  most important f a c t o r  i n  maintaining t h e  low work func t ion .  

I t  i s  bel ieved t h a t  a better bake-out is needed f o r  t h e  vacuum system than  

has  been poss ib l e  so  f a r .  

bake-out . 
Steps a r e  being taken t o  secure  a better 

A study of t h e  evaporat ion of BaO i n d i c a t e s  l i t t l e  or no f r e e  barium 

should be l i b e r a t e d  provided a non-reacting boat material such as Pt i s  
used. W e  have t h e r e f o r e  increased our evaporat ion r a t e  t o  about one 

monolayer per  minute by inc reas ing  the  source temperature t o  l l O O o  C. 

A study of capac i tance  vs. vol tage and hot -e lec t ron  data was taken 

on GaP/metal, su r f ace -ba r r i e r  diodes. This  i n d i c a t e s  t h e  semiconductor/ 

i n t e r f a c i a l  layer /metal  m o d e l  can c o r r e c t l y  describe t h e  observed be- 

havior  wi th  d i f f e r e n t  i n t e r f a c i a l  l a y e r  thicknesses i f  c e r t a i n  reason- 

able assumptions a r e  made regarding t h e  bias dependence of charge 

contained i n  su r face  states. 

4 1  



An a l t ernat ive  cathode approach has been suggested that  appears t o  

offer several important advantages over the  surface-barrier cathode. In 

particular,  much higher emission efficiencies should be achievable with 

t h i s  alternative approach. 

Further l i f e  t e s t i n g  indicates  the  surface-barrier cathode should 

have an indef in i t e ly  long and s tab le  l i f e .  
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IV PROCRAM FOR 

Confirm height of GaP/W b a r r i e f  

measurements . 
Determine effect of evaporat ing 

BaO a f t e r  optimum a c t i v a t i o n  of 

NEXT INTERVAL 

2 
using 1/C vs.  V and p h o t o e l e c t r i c  

a p a r t i a l  monolayer of Ba onto the  

evaporated W f i lm .  

Determine r e l a t i o n s h i p  between W f i l m  t h i ckness  and depos i t i on  

parameters. 

Secure and eva lua te  heavily-doped p-type GaAs f o r  a p p l i c a t i o n  t o  

t r ans i s to r - ca thode  concept. 

Continue l i f e  t e s t i n g  of BaO phototubes and Gap diode  s t r u c t u r e s .  

43 



APPENDIX A 

EVAPORATION OF BaO 
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APPENDIX A 

EVAPORATION OF BARIUM OXIDE 

1. Species  i n  Vapor 

Several  r e fe rences  2o J~~ s t a t e  t h e  major spec ie s  formed when 

barium oxide (BaO) i s  evaporated i s  gas  ( b e t t e r  than 95 pe rcen t ) .  That 

is, t h e  decomposition t o  Ba (gas) and 1/2 O2 (gas) i s  n e g l i g i b l e .  

is  presumed t h i s  occurs under neu t r a l  o r  ox id iz ing  condi t ions .  

I t  

2. Vapor Pressure of BaO 

The l i t e r a t u r e  before  1960 has been analyzed by Ackerman and Thorn2'. 

A vapor pressure  curve der ived  from t h i s  a n a l y s i s  i s  shown i n  Fig.  A-1  

(upper curve) .  

over t h e  s o l i d .  

o ra t ion  of BaO from a sur face .  (Fig. A-2). 

This  i s  presumably t h e  equi l ibr ium pressure  of BaO gas 

Nikonov and 0tmakhova2l have measured the  r a t e  of evap- 

When t h e  evaporat ion rates given i n  Ref. 21 a r e  r eca l cu la t ed  a s  

e f f e c t i v e  vapor pressures ,  they give t h e  lower curve shown i n  Fig.  A-1.  

These r a t e s  are about t h r e e  orders  of magnitude lower than t h e  e q u i l i -  

brium values .  This  may i n d i c a t e  t h a t  one of t h e  two sets of experiments 

i s  wrong, o r  t h a t  t h e r e  i s  a k i n e t i c  b a r r i e r  t o  t h e  BaO evaporat ion.  

3. Evaporation of Subs t r a t e  Oxides 

The r eac t ion  of BaO with a s u b s t r a t e  metal ( i .e. ,  t he  metal h e a t e r  

used t o  evaporate  BaO) t o  form Ba and s u b s t r a t e  ( v o l a t i l e )  oxide can be 

important .  The poss ib le  e f f e c t s  of such r e a c t i o n  are t h a t  Ba and t h e  

oxide of t h e  s u b s t r a t e  can evaporate and be incorporated i n  t h e  BaO 

evaporat ion.  

h igher  work func t ion  of t h e  s u b s t r a t e  oxide would predominate. 

The Ba might lower t h e  work func t ion  of t h e  oxide, but t h e  

To show t h a t  a r e a c t i o n  of BaO with t h e  s u b s t r a t e  is  poss ib le ,  con- 

s i d e r  t h e  r e a c t i o n  

BaO(s) + 1/3 W(s) = Ba(g) + 1/3 W03(g) (A- 1) 
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Fromthe da ta  of Ref. 20, 

312 O2(g) + w ( s )  = wo3(g) 

AFo = -75,000 + 15.54T 

1/2 02 (g )  + B a ( s )  = BaO(g) 

B a ( s )  = Ba(g) log  p = - 9718 + 4.93 T 

(AFo = 44,500 - 22.6T) 

21,900 
T BaO(s) = BaO(g) log  p = 7.11 - 

(AFo = 100,000 - 32.5T) . (A-2) 

One ca l cu la t e s  for t h e  r eac t ion  of i n t e r e s t ,  

A F O  = 152,000 - 40.24T (cal/mole) 

or, s ince  

A F O  = -RT Rn K 
P' 

33,400 
T 

log  K = 8.8 - 
P 

where 

1/3 
K =  P PBa (a tm )pwo3 (a t m  . 

In  Fig. A-3 ,  K i s  p l o t t e d  for t h i s  r e a c t i o n .  
P 

(A-3) 
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* * 
- 12 

A s  a sample c a l c u l a t i o n  a t  1600°K, one f inds  Kn i s  10 ; t h a t  i s  
c 

then  p 
1/3 12 

Ba 'WO3' Ba 
A t  t he  same temperature t h e  vapor pressure  

'Ba 'WO3 = 10- . I f  one assumes t h e  p 

becomes lo-' a t m  or - lo-6 mm. 
-4  

of BaO i s  10 

a percent or s o  of impurity from t h i s  r eac t ion .  

mm (Fig.  A - 1 )  s o  t h a t  t h e  equi l ibr ium c a l c u l a t i o n s  i n d i c a t e  

These est imates  a re  based on equi l ibr ium cons ide ra t ions ,  and w e  have 

seen tha t  t he  r a t e  of evaporat ion of BaO (lower curve of Fig.  A - 1 )  i s  

smal le r  than t h e  equi l ibr ium expected va lue  (upper curve of Fig. A - 1 ) ;  

therefore ,  t h e  f r a c t i o n  of WO 

s t a n t i a l l y  g r e a t e r  than t h e  1 percent  es t imated from equi l ibr ium. 

and Ba (compared t o  BaO)  may be sub- 3 

Inghram and D r 0 w a 1 - t ~ ~  reviewed mass spectrometer  observa t ions  of  

the  evaporation of BaO from various supports  or conta iners .  They g ive  

the  following information: 

Container or Support 

Mo f i lament  

W f i lament  

Ta f i lament  

P t  f i lament  

Gaseous Molecules Observed 
( i n  o r d e r  of importance) 

BaO, B a ,  BaMo04 

BaO, B a ,  BaW04, W 0 2  

Ba ,  BaO, Ba 2 '  Ta04, TaO, Ta02 

BaO, BaZOZ 

Thus, the r eac t ion  wi th  r e f r a c t o r y  m e t a l  suppor t s  can be apprec iab le ,  

but t h e  e f f e c t  wi th  a P t  support  appears t o  be reduced. 
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APPENDIX B 

DEPLETION CAPACITANCE AND DIFFUSION POTENTIAL 

OF GALLIUM PHOSPHIDE SURFACE BARRIER DIODES 

1. In t roduct ion  

Two common methods f o r  determining t h e  b a r r i e r  he ight  cpBn and d i f -  
of a metal-semiconductor s u r f a c e  b a r r i e r  diode are fus ion  p o t e n t i a l  v 

t h e  measurement of t h e  threshold  V f o r  t h e  photoexci ta t ion  of c a r r i e r s  

over t h e  b a r r i e r  and t h e  measurement of t h e  d e p l e t i o n  capac i tance  a s  a 

func t ion  of b i a s  ,24-28 I n  t h e  second method t h e  d i f f u s i o n  

p o t e n t i a l  i s  obtained a s  t h e  vol tage-axis  i n t e r c e p t  V of a p l o t  of t h e  

r e c i p r o c a l  square of t h e  dep le t ion  capaci tance vs .  b i a s  vo l t age  

BO 

Ph 

0 

( l / C Z  vs.  V) . 
For moderately heavi ly  doped semiconductors, t h e  d i f f u s i o n  p o t e n t i a l  

and b a r r i e r  height  a r e  approximately equal .  In t h e  l a s t  few years, how- 

ever ,  s eve ra l  workers2s,28 have reported va lues  of V 

s ide rab ly  l a r g e r  than t h e  photothreshold V 

which were con- 
0 

f o r  n-type GaP/Au diodes.  
Ph 

I t  has been recognized14,17 t h a t  t h i s  e f f e c t  i s  r e l a t e d  t o  t h e  pre- 

sence of an i n t e r f a c i a l  l a y e r  between t h e  metal and semiconductor, and a 

model which inc ludes  t h e  i n t e r f a c i a l  l aye r  has been analyzed by Goodman,' 

who has  der ived an expression which shows t h a t  Vo i s  always l a r g e r  than 

'BO 
i n  semiconductor su r face  s t a t e s ,  i f  any, i s  independent of appl ied b i a s ;  

a s i m i l a r  assumption has been made i n  t h e  work of Archer and Atal la2* on 

s i l i c o n .  

not  s p e c i f i e d  i n  t h e  analyses  of e i t h e r  Goodman o r  Archer and Ata l l a .  

when an i n t e r f a c i a l  l a y e r  i s  present .  Goodman assumes t h a t  t h e  charge 

The dependence of VBo on the  i n t e r f a c i a l  l a y e r  parameters is 

An attempt i s  made he re in  t o  provide an explana t ion  f o r  t h e  behavior 

of V and V f o r  n-type Gap-metal diodes wi th  d i f f e r e n t  i n t e r f a c i a l  

l a y e r  th icknesses .  
0 Ph 

For t h i s  purpose, t h e  model t r e a t e d  by Goodman is  

modified i n  two r e spec t s :  
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a.  The exact  mechanism f o r  t h e  dependence of t h e  d i f f u s i o n  
p o t e n t i a l  on i n t e r f a c i a l  l aye r  th ickness  and su r face  
s ta tes  i s  s p e c i f i e d ;  

b. t h e  e f f e c t  of bias-dependent su r face  s ta tes  i s  con- 
s idered  according t o  seve ra l  simple models. 

Measurements of V and V 

i n  Sec. 2 of t h i s  appendix; a b r i e f  d e s c r i p t i o n  of t h e  diode f a b r i c a t i o n  

i s  a l s o  given. 

summarized i n  o ther  p ~ b 1 i c a t i o n s . l ~  ) I 8  

of t h e  behavior of 1 / C  vs .  V d a t a  and t h e  photothreshold V f o r  a given 

metal on n-type GaP are as fol lows:  

2 

f o r  n-type Gap-metal diodes are descr ibed  
0 Ph 

Some of t h e  experimental  r e s u l t s  presented here  have been 

B r i e f l y  stated,  t h e  observat ions 
2 

Ph 

a.  The 1/C vs .  V d a t a  f o r  reverse  and small  forward b i a s  
a lways  l i e  on a s t r a i g h t  l i n e  whose i n t e r c e p t ,  Vo, on t h e  
V a x i s  may be between 1 and s e v e r a l  v o l t s ;  i n  general ,  
higher values  of V a r e  c o r r e l a t e d  with t h i c k e r  i n t e r -  
f a c i a l  l ayers .  

m i l l i v o l t s ,  independgnt of the i n t e r f a c i a l  f i l m  th ickness  6 .  

0 

b. The photothreshold V i s  cons tan t  w i th in  a few t e n s  of 

zl c. The s lope  of t h e  1/C p l o t  i s  r e l a t i v e l y  cons tan t ,  inde- 
pendent of i n t e r f a c i a l  l a y e r  th ickness ,  and f o r  most diodes 
t h e  donor dens i ty  ca l cu la t ed  from t h e  1/C2 vs.  V s lope  using 
t h e  usual formula agrees  wi th in  a f a c t o r  of 2 wi th  t h e  va lue  
determined from t h e  r e s i s t i v i t y .  N o  c o r r e l a t i o n  w a s  ob- 
served between t h e  s lope  of t h e  1/C2 vs .  V curve and t h e  
presence o r  absence of an i n t e r f a c i a l  l aye r .  

A model which c o r r e c t l y  desc r ibes  t h e  behavior of t h e  n-type GaP- 

metal s y s t e m  w i t h  v a r i a t i o n  of t h e  i n t e r f a c i a l  f i l m  th ickness  6 must 

therefore  show V r e l a t i v e l y  constant  wi th  6 ,  and V i nc reas ing  wi th  6 .  BO 0 

The 1/C vs .  V r e l a t i o n  der ived on t h e  b a s i s  of t h e  model must be l i n e a r ,  

with a s lope t h a t  is  independent of 6 .  

2 

I t  is shown i n  Sec. 3a of t h i s  appendix t h a t  t h e  dependence of VBo 

and V on 6 ,  der ived on t h e  b a s i s  of a s imple m e t a l - i n t e r f a c i a l  layer-  

semiconductor (MOS) model without "sur face  states, 

var iance with t h e  genera l  observat ions regard ing  experimental  d a t a  given 

above. Sections 3b, 3c, and 3d are accord ingly  devoted t o  t h e  a n a l y s i s  

of t h e  MOS model with sur face  states, where t h e  s u r f a c e  s ta tes  are 

assumed t o  be uniformly d i s t r i b u t e d  over  a range of ene rg ie s  i n  t h e  f o r -  

bidden gap.29 

0 
11 i s  completely a t  

Sec t ion  3b app l i e s  t o  ve ry  t h i n  i n t e r f a c i a l  f i lms ,  where 
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t h e  Fermi l e v e l  a t  t h e  semiconductor sur face  i s  expected t o  remain 

"pinned" t o  t h e  Fermi l e v e l  i n  t h e  metal dur ing  t h e  a p p l i c a t i o n  of a 

b ias .24  

s t a t e s ,  Q s s ,  does not change with b i a s ;  Sec. 3d treats a model which 

provides f o r  a t r a n s i t i o n  from t h e  model of 3b t o  t h e  model of 3c a s  

6 increases .  

I n  Sec. 3c t h e  assumption i s  made t h a t  t h e  charge i n  s u r f a c e  

I t  i s  shown t h a t  t h e  model of Sec. 3b p r e d i c t s  a v a r i a t i o n  of V BO 
and V with 6 which i s  cons i s t en t  w i t h  t h e  experimental  behavior of t h e  

diodes wi th  t h e  th innes t  i n t e r f a c i a l  f i lms .  The model of Sec. 3c, while  

p red ic t ing  a r ap id  inc rease  of V with 6 and a r e l a t i v e l y  small  change i n  

'BO ' 
p r e d i c t s  a d i f f e r e n c e  i n  V 

(- 10 A ) ,  
reasonable  anyway, and accordingly,  the  model of Sec. 3d has been de- 

signed t o  provide a more phys ica l ly  reasonable v a r i a t i o n  of Q 
The v a r i a t i o n s  of V and V with 6 derived on t h e  b a s i s  of t h i s  model 

a r e  cons i s t en t  with experiment. 

0 

0 

a s  required t o  expla in  t h e  d a t a  f o r  t h e  t h i c k e r  i n t e r f a c i a l  f i lms ,  

and V which i s  t o o  l a r g e  f o r  very small  6 

/aV = 0 f o r  t h i s  model i s  - a p r i o r i  un- 
BO 0 

The assumption of 8Q 
ss 

with  V. 
ss 

BO 0 

2. Experiments 

a.  Subs t r a t e  Prenara t ion  

The diodes descr ibed i n  t h i s  s tudy were prepared from s i n g l e  

c r y s t a l  0 .2  lkcm n-type GaP grown a t  B e l l  Telephone Laborator ies ,  Murray 

H i l l ,  New Jersey.30 

diameter  X 0.030-inch t h i c k  wafers. The f l a t  su r f aces  of t h e  wafers 

were perpendicular  t o  t h e  {111] c rys t a l log raph ic  d i r e c t i o n .  

were lapped with No.  3200 carborundum powder and wet-polished t o  a mir ror  

f i n i s h  w i t h  Linde A abras ive  compound. Ohmic con tac t s  were a t t ached  by 

a l l o y i n g  small (- 50 mg) p ieces  of Te-doped (1.0%) s i l v e r  t o  the per iphery 

of one s i d e  of t h e  wafers. 

of forming gas (90% Nz, 10% H2). 
low e l e c t r i c a l  r e s i s t a n c e  (C 100) and good mechanical s t r e n g t h .  

The c r y s t a l s  were suppl ied i n  t h e  form of 1/4-inch 

The wafers 

Allowing w a s  done a t  8OO0C i n  an atmosphere 

The ohmic con tac t s  t hus  obtained had 

Due t o  a l ack  of inversion symmetry i n  t h e  {111] d i r e c t i o n ,  t h e  

two s i d e s  of a Gap wafer c u t  perpenaicuiar  to the [1113 directicm must be 

d i s t ingu i shed ;  one s i d e  is bounded by a (111) plane, conta in ing  only 
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phosphorous atoms, and t h e  o ther  s i d e  by a (iii) plane, conta in ing  only' 

gall ium atoms.31 Although i t  is  poss ib le ,  i n  p r i n c i p l e ,  t o  determine 

experimental ly  t h e  c r y s t a l  plane corresponding t o  a given s i d e  of t h e  

wafer by using X-ray d i f f r a c t i o n  da ta ,  t h i s  was not done i n  t h e  present  

work. Ins tead ,  i t  was observed f o r  GaP/Al diodes t h a t  t h e r e  w a s  a 

cons i s t en t  d i f f e r e n c e  of about 0 .1  ev i n  t h e  b a r r i e r  he ight ,  depending 

on which s i d e  of t he  wafer was used t o  form t h e  r e c t i f y i n g  c o n t a c t .  

Subsequent diodes using o the r  metals  were prepared using t h e  c r y s t a l  

f a c e  which yielded t h e  lower b a r r i e r  he ight  with aluminum. The r e s u l t s  

reported here  and i n  Ref. 18 a r e  t h u s  cons i s t en t  among themselves, i n  t h e  

sense t h a t  t h e  same c r y s t a l  f a c e  was used i n  a l l  experiments.  I t  i s  not  

known, however, whether t h i s  f a c e  corresponds t o  t h e  "phosphorous plane" 

o r  t h e  "gall ium plane. I I  

P r i o r  t o  evaporat ion of r e c t i f y i n g  con tac t s ,  t h e  s u r f a c e  of 

each c r y s t a l  was etched i n  ( 4 : l )  aqua r e g i a  a t  20°C f o r  60 seconds and 

quenched i n  methanol. The ohmic con tac t s  were pro tec ted  w i t h  Apiezon 

wax during t h i s  opera t ion .  Af t e r  removing t h e  Apiezon wax w i t h  tri- 

cholorethylene and r i n s i n g  i n  acetone, t h e  s u b s t r a t e  was placed i n  a 

conc. HNO e tch  f o r  1 minute, followed by a methanol quench. Except 

where noted, t h e  s u b s t r a t e  was s to red  i n  methanol u n t i l  i t  was placed, 

s t i l l  wet, i n  t he  vacuum system. 

3 

b. Evaporation of Meta l l i c  Contacts  

Rec t i fy ing  con tac t s  were depos i ted  on t h e  s u r f a c e  of t h e  Gap 

wafers by vacuum evaporat ion of P t ,  Au, Cu, Ag, A l ,  and Mg from 

resis tance-heated sources .  

t h i c k  were deposi ted.  

about 500-600 A. 

0 

For a l l  meta ls  but Pt,  f i l m s  about 1000 A 

The Pt f i l m s  were gene ra l ly  somewhat t h inne r ,  
e 

The geometry of t h e  r e c t i f y i n g  c o n t a c t s  was c o n t r o l l e d  by 0.005- 

inch molybdenum masks; l a r g e  r ec t angu la r  con tac t s ,  0.10 X 0.20 inch,  were 

provided f o r  photothreshold measurements, while  smaller c i r c u l a r  con tac t s ,  

0.020-inch diameter,  were used f o r  capac i tance  and c u r r e n t  vs .  vo l t age  

measurements. 
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Two d i f f e r e n t  vacuum s t a t i o n s  were used f o r  evaporat ion of 

con tac t s .  The f i r s t  group of devices  w a s  prepared i n  a l i q u i d  N - 
t rapped o i l  diffusion-pumped s t a t i o n  capable  of about 5 X 10 t o r r .  No  

attempt was made here  t o  s h u t t e r  t h e  evaporat ion source, although sources  

were fused and pre-outgassed p r i o r  t o  p l ac ing  t h e  s u b s t r a t e  i n  t h e  vacuum 

s t a t i o n .  A second group of devices  was prepared i n  a Varian Vac-Ion 

vacuum s t a t i o n  capable  of about 10 t o r r .  I n  t h i s  case  t h e  evaporat ion 

sources  were shu t t e red ,  and a stream of evaporat ing metal was e s t ab l i shed  

before  t h e  s h u t t e r  was opened. 

2 -7 

-8 

c. Measurements 

Photoresponse measurements w e r e  made by sh in ing  monochromatic 

l i g h t  from a h i s s  s i n g l e - f l i n t  glass-prism monochromator through the  

s u b s t r a t e  onto t h e  l a r g e  metal contact and measuring t h e  s h o r t - c i r c u i t  

photocurrent with an HP 425A microvolt-ammeter. Measurements were made 

f o r  photon energ ies  between 1 .0  and 2.5 eV. I l l umina t ion  f o r  t h e  mono- 

chromator w a s  provided by a tungsten-f i lament motion-picture p ro jec to r  

lamp. The i n t e n s i t y  of t h e  monochromator output w a s  c a l i b r a t e d  with a 

Reeder vacuum thermopile having a s e n s i t i v i t y  of 8 microvol ts  per  

microwatt. 

Capacitance measurements were performed wi th  a Boonton Model 

75A capaci tance br idge,  with an o s c i l l a t o r  frequency of 1 M c .  

t h e  diodes was suppl ied i n t e r n a l l y ,  and t h e  a c  s i g n a l  across  t h e  junc t ion  

i n  a l l  cases  was less than 15 mV. Bias was measured with a H e w l e t t -  

Packard Model 412A dc  VTVM. 

Bias f o r  

d.  Resul t s  

The most d e t a i l e d  i n v e s t i g a t i o n  of the e f f e c t s  of i n t e r f a c i a l  

l a y e r s  on V and V has been made f o r  GaP/Au and GaP/Pt diodes. For t h e  

sake of brev i ty ,  t h e  p re sen ta t ion  and d i scuss ion  of experimental  r e s u l t s  

w i l l  be confined t o  t h e s e  cases .  A l l  of t h e  r e s u l t s  presented here ,  

however, a r e  i n  q u a l i t a t i v e  agreement with t h e  resu l t s  f o r  A l ,  Mg, Ag, 

0 Ph 

and Cu/GaP diodes. 

i n t e r c e p t  va lues  obtained f o r  a number of GaP/Au and GaP/Pt diodes.  

Table B-1 summarizes the '  photothreshold and 1/CZ 
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Sample 
No. 

3 

4 

5 

6 

7 

8 

9* 

10 + 

t 11 

12 

13 

14 

14 

14 

18 

19 

20 

Table B-1 

PHOTOTHRESHOLD AND 1/C2 INTERCEPT VALUES 

FOR GaP/Au AND GaP/Pt DIODES 

Metal 

Au 

AU 

Au 

Ft 

Pt 

Pt 

Au 

Au 

Au 

Au 

Au 

Au 

Au 

P t  

Pt 

Pt 

P t  

0 
V 

1.9 

2.2 

1.85 

7.0 

3.3 

2.1 

2.1 

1.6 

1.5 

1.35 

1.42 

1.28 

-- 
A 1.45 

1.45 

1.55 

1.48 

v 
Ph 

-- 
-- 

1.26 

-- 
-- 
1.45 

1.23 

1.26 

-- 
1.30 

1.28 

1.26 

1.25 

1.26 

1.43 

1.46 

1.44 

§ 

17 
ND f 10 

-3 c m  

3.5 

3.0 

5.3 

1.2 

0.9 

6.9 

2.7 

4.0 

2.5 

3.6 

9.8 

3.1 

-- 
3.1 

0.8 

0.8 

1.5 

Vacuum 
~~ 

t o r r ;  o i l  d i f f u s i o n  

lom6 t o r r ;  o i l  d i f f u s i o n  

t o r r ;  o i l  d i f f u s i o n  

lom4 t o r r ;  o i l  d i f f u s i o n  

t o r r ;  o i l  d i f f u s i o n  

t o r r ;  o i l  d i f f u s i o n  

t o r r ;  o i l  d i f f u s i o n  

t o r r ;  Vac-Ion 

IO-* t o r r  

t o r r  

t o r r  

t o r r  

t o r r  

t o r r  

t o r r  

Vac-Ion 

Vac - I on 

V a c -  I on 

Vac- I on 

Vac- I on 

V a c -  I on 

Vac- I on 

t o r r ;  Vac-Ion 

lom7 t o r r ;  Vac-Ion 

'Substrate exposed t o  atmosphere for 60 min. p r i o r  t o  evaporation of Au. 

'Substrate exposed t o  atmosphere f o r  15 min. p r i o r  to evaporation of Au. 
'Measurement performed a t  77' K. 
A Diode allowed t o  stand i n  atmosphere for 4 weeks p r i o r  t o  measurement. 
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2 
Figure B-1 i s  a remarkable example of t h e  f a c t  t h a t  t h e  1 / C  

vs. V p l o t  f o r  t h e  Gap-metal diodes remains l i n e a r  f o r  a l a r g e  range of 

GaP.:Pt 

:QE 
DIODE No.6 

- 6.0 -2.0 0 2.0 6.0 - FORWARD BIAS V -volts REVERSE- 
TA- 5581- 18 

FIG. B-1 1/C2 vs. V PLOTS FOR GaP/Pt 
DIODES PREPARED IN OIL- 
DIFFUSION VACUUM SYSTEM 
Values of N, for each curve have 
been calculated from the usual 
formula relating N, to the slope 
of the 1/C2 plot: 
N, = (2/et7,)/ [d(l/C2)/dV1. 

values  f o r  t h e  V-axis i n t e r c e p t  V . Figure B-2 and B-3 i l l u s t r a t e  t h e  

same phenomena f o r  GaP/Au diodes.  Referr ing t o  Table B-1 and Figs .  B-4 

and B-5, one can observe t h a t  while  V v a r i e s  over a wide range, the 

photothreshold f o r  a given metal, i n  t h i s  case  Au, remains r e l a t i v e l y  

unchanged. It  is  a l s o  observed t h a t  diodes f a b r i c a t e d  i n  t h e  o i l -  

d i f f u s i o n  vacuum system genera l ly  exh ib i t  t h e  higher  values  of VoJ and 

i n  f a c t ,  a l l  a t tempts  t o  f a b r i c a t e  diodes i n  t h e  o i l -d i f fus ion  system 

with va lues  of V much l e s s  than 2.0 V w e r e  unsuccessful.  Inspec t ion  of 

t h e  d a t a  presented i n  Table B-1 revea ls  no apparent c o r r e l a t i o n  between 
2 

t h e  s lope  and i n t e r c e p t  of t h e  1/C p l o t s ;  t h e  spread i n  va lues  of N 

a s  determined from t h e  s lope  of t h e  1/C 

inhomogeneities i n  t h e  Gap. 

i n  t h i s  way f o r  a l l  d iodes was about 3.6 X 10 c m  . A c a l c u l a t i o n  

0 

0 

0 

D 
2 p l o t s  i s  a t t r i b u t e d  t o  doping 

The average of t he  values  of N ca lcu la t ed  D 17 -3 

based on t h e  known r e s i s t i v i t y  , mobili ty,33 and donor i o n i z a t i o n  energy,34 
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-2.0 0 2 .o 4 .O 
BIAS V -volts 

TA-1181 -19 

, F I G .  8-2 1/C2 vs. V PLOTS FOR GaP/Au 
DIODES PREPARED IN VAC-ION 
SYSTEM. GaP substrate exposed 
to air before deposition of Au. 

GaP/Au 

- 2.0 - 1.0 0 I .o 2.0 3.0 
BIAS V -volts 

TA-5181-20 

FIG. 8-3 1/C2 vs. V P L O T  FOR GaP/Au 
DIODE PREPARED IN VAC-ION 
SYSTEM. Substrate etched and 
protected according to procedures 
described in Sec. II, Appendix B. 
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Gap -&u 

3.0 r / 
W 
9 2.0 
g H 
W > 

-I W 

5 1.0 

a 

1.0 1.2 1.4 1.6 1.8 2.0 
WOTON ENERGY - OV 

TI-8581-21 

FIG. 8-4 PHOTOTH R ESHOL D DETERMINATION 
FOR GaP/Au DIODES WHOSE 1/C2 
VS. V PLOTS APPEAR IN FIG. 8-2 

3.0 r 1 

COP -Au 
v) z 7n 

!e -.- I / DIODE No. 12 
L 

W I  / VPh’=l33V 

0 
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and on t h e  est imated dens i ty  of s t a t e s  e f f e c t i v e  mass of i n d i c a t e s  

t h a t  ND E 5.0 X 10 c m  . I n  view of t h e  u n c e r t a i n t i e s  i n  r e s i s t i v i t y  

and e f f e c t i v e  mass and t h e  spread i n  s lopes  of t h e  1/C p l o t s ,  t h i s  

agreement i s  regarded a s  s a t i s f a c t o r y .  

17 -3 

2 

Diodes of GaP/Au and GaP/Pt prepared i n  t h e  Vac-Ion s t a t i o n  

using etched and c a r e f u l l y  pro tec ted  subs t ra tes ,17  a s  described i n  Sec. 2a 

of t h i s  appendix, gave va lues  of V and V 

agreement (e.g., samples 12, 13, 14, 18, 19, 20, Table B-1; s e e  a l s o  

F igs .  B-3 and B-5). The I -V  c h a r a c t e r i s t i c s  of t h e  GaP/Au d iodes  prepared 

i n  t h i s  manner obeyed t h e  r e l a t i o n  J = J 

forward d i r e c t i o n ,  with n c l o s e  t o  uni ty ,  usua l ly  about 1.1. Calcula- 

t i o n s  using the  ex t rapola ted  value of J yielded va lues  f o r  VBo which 

agreed wi th in  less than 0 .1  V with t h e  capaci tance and photothreshold 

values .  The GaP/Pt diodes had values  of n which were usua l ly  g r e a t e r  

than  1.5,  precluding t h e  use  of t h e  I - V  c h a r a c t e r i s t i c s  i n  c a l c u l a t i n g  VBo 

t h a t  were gene ra l ly  i n  good 
0 Ph 

exp(qV/nKT) amps/cm' i n  t h e  
0 

0 

The general  behavior of t h e  capac i tance  d a t a  f o r  t h e  GaP/metal 

diodes leads  t o  the  conclusion t h a t  l a r g e r  va lues  of V a r e  c o r r e l a t e d  

wi th  th i cke r  i n t e r f a c i a l  l aye r s .  This  s ta tement  i s  based on t h e  fo l lowing  

reasoning: The highest  values  of V are obtained f o r  d iodes  prepared 

i n  the  o i l -d i f fus ion  system, where back-streaming d i f f u s i o n  pump o i l  i s  

expected t o  form a f i l m  on t h e  GaP s u b s t r a t e  before  evapora t ion  of t h e  

me ta l l i c  contac t .  A t  a vacuum of 10 t o r r ,  many l a y e r s  of o i l  molecules 

can accumulate i n  a f e w  seconds, depending on t h e  s t i c k i n g  c o e f f i c i e n t  

of t h e  molecules. Fab r i ca t ion  of diodes i n  t h e  Vac-Ion s t a t i o n ,  using 

i d e n t i c a l  s u b s t r a t e  p repa ra t ion  and p ro tec t ion ,  produced t h e  lowest va lues  

of Vo. 

p robab i l i t y  f o r  t h e  formation of an i n t e r f a c i a l  l a y e r  f o r  d iodes  prepared 

i n  t h e  o i l -d i f fus ion  system. An in te rmedia te  case, where s u b s t r a t e s  were 

exposed t o  a i r  p r i o r  t o  being placed i n  t h e  Vac-Ion s t a t i o n ,  produced 

intermediate  values  of V 

a r i s i n g  from a chemical r e a c t i o n  of t h e  GaPsurface  wi th  one of t h e  

cons t i t uen t s  of t h e  atmosphere. 

evident ly  obtained when t h e  Gap s u b s t r a t e s  a r e  e tched  and pro tec ted  i n  

methanol before  being placed i n  t h e  Vac-Ion s t a t i o n .  

0 

0 

-6 

The only d i f f e r e n c e  i n  t h e  t w o  cases  seems t o  be t h e  much h igher  

t h e  i n t e r f a c i a l  f i l m  i n  t h i s  case presumably 
OJ 

The t h i n n e s t  i n t e r f a c i a l  l a y e r s  are 

64 



3. Theory 

I n  t h i s  s e c t i o n  an a t t e m p t  i s  made t o  a s s ign  t o  t h e  GaP/metal 

j unc t ion  a model which c o r r e c t l y  p red ic t s  t h e  experimental  r e s u l t s  de- 

sc r ibed  i n  Sec. 2c. Since a model with an i n t e r f a c i a l  l a y e r  but no 

su r face  s t a t e s  does appear t o  be a t  l e a s t  p a r t i a l l y  c o n s i s t e n t  wi th  t h e  

observed behavior of t h e  GaP/metal diodes, p a r t i c u l a r l y  t h e  v a r i a t i o n  

of V with i n t e r f a c i a l  l a y e r  thickness ,  i t  i s  worthwhile t o  i n v e s t i g a t e  

t h i s  model i n  some d e t a i l ,  i n  order  t o  show t h a t  it i s  i n  f a c t  - not t h e  

c o r r e c t  model. Subsequent models t r e a t e d  i n  t h i s  s e c t i o n  a l l  involve t h e  

assumption of a uniform dens i ty  of loca l ized  e l e c t r o n i c  s t a t e s  a t  t h e  

semiconduct or  sur f  ace .  

0 

a. Meta l - In te r fac ia l  Layer-Semiconductor (MOS) Contact 

without Surf ace S t a t e s .  

Figure B-6 shows t h e  energy vs .  d i s t ance  diagram f o r  a metal-n- 

type  semiconductor contac t  wi th  an i n s u l a t i n g  i n t e r f a c i a l  l a y e r .  I n  

terms of t h e  energ ies  def ined i n  t h i s  f i g u r e ,  w e  may w r i t e  

where cp i s  def ined by t h e  r e l a t i o n  m s  

, 

Using Gauss's law t o  r e l a t e  t h e  space charge Qsc i n  t h e  semiconductor t o  

t h e  p o t e n t i a l  A. across  t h e  i n t e r f a c i a l  l aye r ,  w e  ob ta in  

- vJ]1'2 , A = - 6 Fees  N ~ ( v ~ ~  
0 ei 

where 6 and ei a r e  th ickness  and d i e l e c t r i c  constant  of t h e  i n s u l a t i n g  

layer, r e spec t ive ly ;  N i s  t h e  donor dens i ty  i n  t h e  semiconductor; e 

t h e  e l e c t r o n i c  charge; and e t h e  semiconductor d i e l e c t r i c  cons tan t .  

The r e se rve  l a y e r  t e r m  V i s  a small co r rec t ion  which a r i s e s  from t h e  

presence of iimbiie car r ie rs  In the  edge cf the dep le t ion  region and i s  

de r ived  f o r  t h e  genera l  case  of incomplete donor i o n i z a t i o n  i n  Appendix C. 

D 

S 

2 
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7 

METAL 

TI-5581-23 

FIG. 8-6 BAND DIAGRAM FOR METAL n-TYPE SEMICONDUCTOR 
CONTACT WITH AN INTERFACIAL LAYER (MOS CONTACT) 
+,,, = metal work function; A. = potential across interfacial 
layer; X, = semiconductor electron affinity; VB9 = di f fusion 
potential in semiconductor; 4" = depth o f  Fermi level below 
conduction band in  semiconductor; E = semiconductor band 
gap; + B n  = barrier height; A+n = image force lowering; 
6 = interfacial layer thickness; c S  = permitt ivi ty of semi- 
conductor; ci = permitt ivi ty o f  interfacial  layer. 

9 

The writing of Eq. (B-3) can be simplified by defining 

2 2  
i 

V = 2eesND 6 /e 1 03-41 

whereupon Eq. (B-3) becomes 

= v1 1/2 (VB0 - v 2 y 2  
A O  (B-5) 

Equations (B-1) and (B-5) can be solved for the diffusion 

potential V yielding 
BO 
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. Equation (B-6) reduces t o  'p i f  no  i n t e r f a c i a l  l a y e r  i s  present  (6 = 0 ) .  ms 
Referr ing t o  Eq. (B-2), t h i s  i s  the usual r e s u l t  f o r  a simple metal- 

semiconductor contact  with no surf  ace s t a t e s .  36 

When a reverse  b i a s  V is applied t o  t h e  junc t ion ,  t h e  band 

diagram appears a s  i n  Fig.  B-7. 

conductor and t h e  vol tage,  A ,  across t h e  i n t e r f a c i a l  l aye r  a re ,  i n  

The p o t e n t i a l  r ise,  VB, i n  t h e  s e m i -  

METAL INTERFACIAL 
LAYER 

SEMICONDUCTOR 

TA-5501- t 4  

FIG. B-7 MOS CONTACT OF FIG. 8-6 WITH APPLIED 
REVERSE BIAS V 

general, d i f f e r e n t  from t h e i r  equi l ibr ium va lues  (VBo and Ao, r e spec t ive ly ) .  

Equations (B-1) and (B-51, respec t ive ly ,  are now replaced by 

'PUIS + V = V B + A  (B-7) 

and 

By e l imina t ing  A between these two equat ions w e  ob ta in  

+ v = v 4. V y ( v *  - v2) 1/2 
v m s  B 

(B-9) 
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The space charge Qsc i n  t h e  semiconductor i s  given by 

Q sc = [2eesND(VB - V,)] 1 (B-10 ) 1/2 

and the d i f f e r e n t i a l  capac i tance  C ,  per  u n i t  a r e a ,  by 

c = aQsc/av = ( 2 e ~ ~ N , ) ~ / ~ ( a / a v ) [ ( v ,  - v2) 'I2] . (B-11)  

By solving Eq. (B-9) f o r  (VB - V2)'l2 and performing t h e  d i f f e r e n t i a t i o n  

ind ica ted  i n  Eq. ( B - l l ) ,  C i s  obtained a s  

Squaring and inve r t ing  Eq. (B-12) y i e l d s  

1/C2 = ( ~ / ~ C ~ N ~ ) ( C P , ~  + V + V1/4 - v2) (B-13)  

The magnitude V 

given by 

of t h e  i n t e r c e p t  of t h i s  r e l a t i o n  on t h e  V-axis i s  
0 

v = 'pms + v1/4 - v2 
0 

(B-14 ) 

I f  A i n  Eq. (B-1) i s  replaced by Eq. (B-5) and t h e  r e s u l t i n g  expression 

f o r  cp 
0 

i s  subs t i t u t ed  i n t o  Eq. (B-14), w e  o b t a i n  ms 

vo = VB0 - v2 + v1/4 + (v1vB0) 1/2 (B-15 ) 

Except f o r  t h e  no ta t ion  and t h e  presence of t h e  reserve l a y e r  

t e r m ,  t h i s  expression i s  i d e n t i c a l  t o  Eq. (21) of Ref. 14. Upon t h e  

s u b s t i t u t i o n  of Eq. (B-4) f o r  V1, Eq. (B-14) g ives  t h e  e x p l i c i t  depen- 

dence of t h e  1 / C  vs.  V i n t e r c e p t  on i n t e r f a c i a l  l a y e r  t h i ckness  6 .  2 

Figure B-8 shows a p l o t  of V and V vs .  6 ,  where t h e  para- 
0 BO 

meters c s, ND, ym, xs, and 'p are chosen t o  correspond t o  t h e  Au/GaP n 
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2.4 - GaP -Au : 
- #I,.,.,= 4.7ev 

0 15 30 45 60 75 
8 - ANGSTROMS 

TI-5501 -21 

FIG. 8-8 DIFFUSION POTENTIAL AND 1/C2 INTERCEPT 
vs. INTERFACIAL LAYER THICKNESS FOR Gap-Au 
DIODE, ASS UMlNG MOS MODEL WITHOUT SURFACE 
STATES (SEC. 3a, Appendix B) 
Curves calculated on the basis of x s  = 4.0 ev are shown 
as solid lines; dashed lines indicate xs = 3.45 ev. 

con tac t s  descr ibed i n  Sec. 2 of t h i s  appendix. The d i e l e c t r i c  cons t an t s  

c of t h e  i n t e r f a c i a l  l a y e r  i s  taken t o  be t h a t  of vacuum. The behavior i 
of V and VBo with 6 ,  as depic ted  i n  Fig.  B-8, i s  immediately seen t o  be 

incompatible with t h e  experimental  observat ions ou t l ined  i n  Sec. I,  t h e  

main discrepancy being t h e  rapid decrease i n  V with inc reas ing  6 ;  a 

decrease  i n  V is  not observed experimental ly .  The magnitude of V 

f o r  t h i n  l aye r s  (6 < 10 A) f o r  xs - 4 . 0  e V  i s  a l s o  seen t o  be i n  d i s -  

agreement with t h e  measured value f o r  Au/GaP con tac t s  (- 1.3V). This  

could be a t t r i b u t e d  t o  t h e  f a c t  t h a t  i n  t h i s  case  t h e  va lues  taken  f o r  x 
was only an estimate.'* A r ecen t ly  measured value of x f o r  t h e  cleaved 

GaP (110) su r face  i s  3.45 eV.37 Use of t h i s  value i n  computing V f o r  

Fig. B-8 r e s u l t s  i n  V 

As shown by the  dashed l i n e s  i n  Fig. B-8, however, t h e  behavior of V 

and V is  s t i l l  i n  disagreement with experiment. 

0 

BO 

BO 0 BO 

S 

S 

BO 
* 1.15 e V ,  which is  c l o s e r  t o  t h e  measured value.  

BO 

0 

BO 

W e  proceed i n  t h e  next s ec t ion  t o  analyze the bias behsvinr of 

an MOS contac t  which incorpora tes  a simple su r face  s t a t e s  model. The 
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same model has been successfu l  i n  accounting f o r  t h e  v a r i a t i o n  of t h e  

barrier height  wi th  metal work func t ion  i n  Gap and S i  contacts. '" 

b. MOS Contact with Surface S t a t e s ;  Thin I n t e r f a c i a l  Layer 

The presence of semiconductor su r face  states i n  t h e  MOS diode  

can be accounted f o r  by Bardeen's simple model,29 which assumes t h a t  

sur face  states a r e  uniformly d i s t r i b u t e d  i n  energy over an energy i n t e r v a l  

i n  the  semiconductor forbidden gap, The dens i ty  i s  taken  t o  be 

D 

by cp , r e s u l t s  i n  a n e u t r a l  sur face .  The energy cp lies i n  t h e  forbidden 

gap and i s  measured from t h e  valence band edge. 

2 states/cm / e V ,  and f i l l i n g  t h e  states up t o  some energy, denoted 
S 

0 0 

Equations (B-1) and (B-7) of Sec. 3a are ev ident ly  s t i l l  v a l i d  

f o r  the present  model. Gauss's l a w  fo r  t h e  p o t e n t i a l s  ac ross  the i n t e r -  

f ac i a l  l a y e r ,  w i t h  and without b ias ,  r e spec t ive ly ,  y i e l d s  

A = V i l 2 ( V B  - V2)1/2 + (6/ei)Qss(V) , (B-16) 

and 

where Q 

s t a t e s  w i t h  and without b i a s  V .  

( V )  and Q s s ( 0 )  denote ,  r e spec t ive ly ,  t h e  charge i n  su r face  
ss 

For z e r o  bias, Qss(0) can be w r i t t e n  i n  t h e  O ° K  approximation a d 8  

= - vBo - yo - Tn) 

Using t h e  d e f i n i t i o n  

6 C Y = & -  
i 

S €  J 

(B-18)  

(B-19 ) 
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P 

w e  can wr i t e  E q .  (B-17) a s  

1/2 1/2 A = V1 (Vm - V2) - u(Eg - VBo - qo - yn) . 
0 

(B-20 ) 

Solving E q s .  (B-1) and (B-20) f o r  VBo, w e  ob ta in  

- yn)] + +1]1/2/(1 + , (B-21)  

When a b i a s  is appl ied  t o  t h e  junc t ion ,  an assumption must be 

For a made regarding t h e  behavior of t h e  charge Qss i n  s u r f a c e  states. 

very t h i n  interfacial  f i lm ,  i t  is expected t h a t  t h e  Fermi l e v e l  E a t  t h e  

semiconductor su r face  w i l l  remain "pinned" t o  t h e  metal Fermi l e v e l  when 

a b i a s  i s  appl ied.24 

semiconductor su r face  r e l a t i v e  t o  t h e  semiconductor energy bands i s  

t h e r e f o r e  A - 

F 

The change i n  p o s i t i o n  of t h e  Fermi l e v e l  a t  t h e  

and t h e  change i n  su r f ace  s t a t e s  charge i s  given by 
AO 

m s s  = - eDS(A - Lo) 8 (B-22 ) 

where AQss = Qss(v) - Qss(0) 

If E q .  (B-17) i s  subt rac ted  from Eq. (B-16) ,  we o b t a i n  

A - A. = V:/2C(VB - v2) - (vBo - v2) 1/2 J 6 . (B-23)  
+ - N S S  

1/2 
€ i 

Using E q s .  (B-19) and (B-22) ,  w e  can rewrite t h i s  as 

(1 + a ) ( A  - Ao) = V;I2[(VB - V2) 1/2 - (Vm - V2) 'I2] . (B-24) 

Sub t r ac t ion  of E q .  (B-1) from Eq.  (B-7) r e s u l t s  i n  

V = V B - V m + A - A o  (B-25)  
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I f  A - A i s  el iminated between Eqs. (B-24)  and (B-25) ,  w e  o b t a i n ,  a f t e r  

rearrangement, 
0 

v1 1/2 (vm - v2) li2 + (1 +")VB0 = v1 1/2 (VB - v2) li2 - (1 + a ) ( v  - VB) 

(B-26 ) 

Combining Eqs. (B-1) and (B-20) y i e l d s  t h e  express ion  

The r igh t  hand sides of Eqs. (B-26) and (B-27)  a r e  ev iden t ly  equal ,  

t he re fo re  w e  can w r i t e  

l Y 2 ( v  - v 2 y 2  - (1 + cr)v + (1 + 4 ( V B  - v2) 1 B  

- + a ( E  - 'po - qn) - (1 + a )V2  . (B-28)  - Tms g 

where (1 t a ) V 2  has been subt rac ted  from both s i d e s  of Eq. (B-28) .  

I n  c a l c u l a t i n g  t h e  capac i tance  of t h e  con tac t ,  w e  f i n d  t h e  

d i f f e r e n t i a l  charge dQ which flows i n t o  one connect ion t o  t h e  contac t  

when t h e  b i a s  vo l tage  i s  changed by d V .  Charge which flows i n  and out 

of sur face  s t a t e s  i s  ev ident ly  suppl ied by t h e  metal ,  i n  t h i s  case ,  owing 

t o  t h e  assumption t h a t  t h e  Fermi l e v e l  a t  t h e  semiconductor su r face  i s  

pinned t o  t h e  metal Fermi l e v e l .  A l l  charge f lowing i n t o  t h e  semiconductor 

from t h e  ex te rna l  c i r c u i t  t h e r e f o r e  r e s i d e s  i n  t h e  space charge l a y e r ,  

and t o  c a l c u l a t e  capaci tance,  w e  need only d i f f e r e n t i a t e  t h e  semicon- 

ductor  space charge Q wi th  respec t  t o  appl ied  vo l t age  V. This  i s  sc 
e a s i l y  done by f i rs t  so lv ing  Eq. (B-28) f o r  (VB - V2) 1/2. . 

+ - 1 v /(1 + a )  2 + v - v211'2 (B-29)  
4 1  
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The d i f f e r e n t i a l  capac i tance  C i s  found from Eq. (B-11); 

squaring and i n v e r t i n g  C, w e  ob ta in  

- (pn)]/(1 + CY) + - 1 v /(1 + CY) 2 1/c2 = (2/e€sND)CC'P,s + 4 E  g - qo 
4 1  

+ v - v2] . (B-30 ) 

The V-axis i n t e r c e p t  i s  given by 

1 2 - Cp,)]/(l + CY) + (B-31) vl / ( l  + 4 - v2 Y 
0 

Equations (B-21) and (B-31) have been p l o t t e d  as func t ions  of 

6 i n  Fig. B-9. The semiconductor and i n t e r f a c i a l  l a y e r  parameters have 

been chosen t o  correspond t o  t h e  GaP/Au junc t ion ,  a s  i n  Fig. B-8. The 

V-axis i n t e r c e p t  V 
2 

here,  i n d i c a t i n g  t h a t  f o r  t h e  range of v a l i d i t y  of t h i s  model, t h e  1 /C  

i n t e r c e p t  i s  an accura te  measure of t h e  d i f f u s i o n  p o t e n t i a l .  Refer r ing  

t o  Table B-1 and Figs .  B-4 and B-5', we can see t h a t  t h e  model does appear 

fol lows VBo closely over t h e  e n t i r e  range of 6 shown 
0 

1.5 1 1 V,:(THIN LAYER) 

.- 

8 ANGSTROMS 
TA-5581-26 

FIG. B-9 DIFFUSION POTENTIAL AND 1/C2 INTERCEPT 
vs. INTERFACIAL LAYER THICKNESS FOR Gap-Au 
DIODE ACCORDING TO MODELS DESCRIBED , IN 
SECS. 3b AND 3c (MOS MODEL WITH SURFACE 
STATES) 
The inset shows a larger portion of the variation of V, 
with 6 for the assumption of d Q s S / d V  = 0 (Sec. 3 c j  
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5 

t o  provide a co r rec t  desc r ip t ion  of t h e  GaP/Au contac t  f o r  t h e  t h i n n e s t  

i n t e r f a c i a l  l ayers .  A s  f i l m  th ickness  increases ,  it i s  expected t h a t  

t h e  assumptions lead ing  t o  Eq. (B-22) w i l l  not  be v a l i d  and a new model 

must  be used. The model considered i n  t h e  next s e c t i o n  n e g l e c t s  en- 

t i r e l y  t h e  change i n  su r face  s ta tes  charge with b i a s .  

c .  MOS Contact ;  aQ / a V  = 0 ss 

The assumption w i l l  be made here  t h a t  t h e  su r face  charge QSs 

remains constant  a t  i ts  equi l ibr ium va lue  Q (0) when a b i a s  i s  appl ied .  

For a contac t  whose d i f f u s i o n  p o t e n t i a l  V i s  s t rong ly  "pinned" by sur- 

f a c e  s ta tes ,  t h i s  i s  c lear ly  not  an 8 p r i o r i  reasonable  assumption; but 

i t  w i l l  be seen t h a t  t h e  m o d e l  does, never the less ,  provide an  express ion  

f o r  V which has some of t h e  f e a t u r e s  requi red  t o  exp la in  t h e  experimental  

data  f o r  Gap. 

ss 

B O  

0 

Referr ing t o  Eqs. (B-16) and (B-17), w e  see t h a t  Qss(0 )  and 

Q (V) are equal  f o r  t h e  present  model; sub t r ac t ion  of Eq. (B-17) from 

Eq, (B-16) theref  ore  y i e l d s  
ss 

= VB - v2) 1/2 - ( VB0 - v2)  1/2 ] A - A. (B-32) 

Equation ( B - 2 5 )  i s  s t i l l  v a l i d  f o r  t h i s  c a s e ,  and E q s .  (B-32) and (B-25) 

can be solved f o r  ( V  - V,)'", y ie ld ing  
B 

( B- 33) 

2 
Using Eq. (B-11) t o  f ind  C ,  w e  f i n a l l y  o b t a i n  f o r  1/C , 

1/2( V m -  v2) 1/2 + -  1 v ]  
1 4 1  

1/C2 = (2/eesND) [vBo + V - V2 + V 

The in t e rcep t  i s  ev ident ly  given b y  

1/2 1/2 1 v 0 = VB0 + VI (VB0 - v2)  + ';i v1 - v2 . 
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t 

Equation (B-35) is  p lo t t ed  vs. 6 i n  Fig.  B-9 f o r  t h e  GaP/Au 

diode. 

while  V does not change appreciably a f t e r  6 reaches 5 A o r  so. This  i s  

i n  q u a l i t a t i v e  agreement with experiment, but a c l o s e r  examination re- 

v e a l s  t h a t  t h e  pred ic ted  d i f f e r e n c e  i n  V and V i s  t o o  l a r g e  f o r  t h e  

th innes t  i n t e r f a c i a l  l a y e r s  (6 5 A). Accordingly, w e  at tempt i n  t h e  

next s e c t i o n  t o  c o r r e c t  t h i s  discrepancy by providing f o r  a t r a n s i t i o n  

from t h e  model of Sec. 3b t o  t h e  present model. 

The i n t e r c e p t  V i s  now observed t o  d iverge  r ap id ly  f o r  6 > 5 A, 
0 

0 

BO 

0 BO 0 

d. Model f o r  Thicker I n t e r f a c i a l  Lavers 

The assumption aQ / a V , O  made i n  t h e  last  s e c t i o n  could be 
s s  

v a l i d  only f o r  some acc iden ta l  combination of j unc t ion  parameters which 

would allow t h e  Fermi l e v e l  a t  t h e  semiconductor s u r f a c e  t o  remain f i x e d  

with respect t o  t h e  semiconductor energy bands a s  a b i a s  i s  appl ied .  A 

more realist ic assumption i s  t o  allow Q t o  change i n  proport ion t o  

changes i n  t h e  p o t e n t i a l  across  t h e  i n t e r f a c i a l  l ayer ,  a s  was done i n  

Sec. 3b. I n  t h i s  case, however, a smaller  cons tan t  of p ropor t iona l i t y  

w i l l  be chosen, t o  correspond t o  t h e  f a c t  E a t  t h e  semiconductor s u r f a c e  

is  not pinned t o  E i n  t h e  metal. Accordingly, i n s t ead  of Eq. (B-22) w e  

w i l l  w r i t e  

s s  

F 

F 

AQss -AeDs( A - 

where 0 5 A < 1.0. The parameter A is expected to  be a func t ion  of 

i n t e r f a c i a l  l a y e r  th ickness  6 ,  ranging from 1.0 f o r  small values  of  6 
(corresponding t o  Sec. 3b) t o  ze ro  f o r  some in te rmedia te  value of 6 .  

I t  i s  obvious t h a t  an equat ion of the form of  Eq. (B-36) cannot c o r r e c t l y  

desc r ibe  the  v a r i a t i o n  i n  AQ w i t h  b i a s  f o r  v e r y  t h i c k  i n t e r f a c i a l  

l a y e r s ;  f o r  very t h i c k  l a y e r s ,  E a t  the su r face  of  the  semiconductor 

co inc ides  wi th  the  bulk Fermi l e v e l ,  as i s  usua l ly  t h e  case  i n  f i e l d -  

e f f e c t  conduct iv i ty  experiments,  37 

l eads  t o  the  express ion  

ss 

F 

I t  can be v e r i f i e d  t h a t  t h i s  condi t ion  

AQss eDsV - eDs( A - AO) ( B-37 j 
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U s e  of Eq. (B-37) t o  c a l c u l a t e  capac i tance  l eads  t o  an expres- 
2 s i o n  f o r  1 / C  which i s  l i n e a r  i n  V only if one assumes a measurement 

s i g n a l  frequency much l a r g e r  than t h e  r ec ip roca l  of t h e  t i m e  cons tan t  

assoc ia ted  with t r a n s f e r  of charge between t h e  bulk semiconductor and 

s u r f a c e  states, The express ion  der ived i s  as fol lows:  
- 

1/c2 = p(1 + a)/essND 1 + a)(Vm - V2) I k  
- 

(B-38) 

It can be v e r i f i e d  t h a t  i n  t h e  l i m i t  of very l a r g e  6 ,  Eq. (B-38) 
2 2  

becomes 6 /e,i, t h e  r ec ip roca l  square of t h e  geometr ical  capac i tance  of 

t h e  i n t e r f a c i a l  l aye r .  Equation (B-38) has t h e  c o r r e c t  q u a l i t a t i v e  

behavior regarding V-axis i n t e r c e p t ;  t h e  i n t e r c e p t  i nc reases  r a p i d l y  

with 6 .  However, t h e  s lope  i s  t o o  l a rge ,  becoming much g r e a t e r  t han  

2/ee N f o r  r e l a t i v e l y  small va lues  of 6 .  This  i s  not i n  accordance 

with experiment, and consequently t h i s  model i s  r e j e c t e d .  
s D  

Returning t o  t h e  o r i g i n a l  sub jec t  of t h i s  s ec t ion ,  w e  w i l l  pro- 

ceed t o  c a l c u l a t e  capac i tance  based on Eq. (B-36). If w e  cont inue t o  

assume, as i n  Sec. 3b, t h a t  changes i n  Q a r e  due e n t i r e l y  t o  charge 

t r a n s f e r  between the metal  and su r face  s t a t e s ,  then  Eq. (B-11) i s  s t i l l  

v a l i d  f o r  de r iv ing  the  capaci tance r e l a t i o n .  

ss 

Using Eqs. (B-23), (B-25), and (B-361, w e  can d e r i v e  t h e  ex- 

press ion  f o r  (V - v ~ ) ~ / ~  as 
B 

1 2 
+ [; vl/( 1 + C Y l )  + v + Vm - v2 

+ v1 1/2( vm - v2)1’2/( 1 + d)] 1/2 . 
03-39) 
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, 
Using Eq .  (B-11), we can c a l c u l a t e  t he  capaci tance from E q .  (B-39); t h e  

1/C v s .  V r e l a t i o n  i s  obtained a s  2 

1/C2 = (2/essND) + VBo - V 2 + V1 

1 
4 1  + - V /( 1 + . 

The i n t e r c e p t  V is  ev iden t ly  given by 
0 

2 v = VB0 + v1 - V2y2/( 1 + ah) + 4 vl/( 1 + a h )  - v2 . 
0 

An important f e a t u r e  of t h e  v a r i a t i o n  of Q wi th  V spec i f i ed  i n  ss 2 
Eq. (B-36) i s  t h a t  i t  produces a l i n e a r  1/C vs. V re la t ion  [Eq. (B-4011, 

i n  agreement with t h e  observed 1/C2 behavior f o r  Gap diodes.  

As discussed e a r l i e r ,  w e  s h a l l  r e q u i r e  t h a t  h depend on 6 i n  
such a way as t o  provide a t r a n s i t i o n  from t h e  model of Sec. 3b t o  t h a t  

of Sec. 3c a s  6 increases .  Since t h e  exact  dependence of h on 6 is  

not known, an a r b i t r a r y  func t ion  w i l l  be chosen such t h a t  

X( 6 )  = 1.0 6 = O 

0 
h ( 6 )  + O  6 > 6  

(B-42) 

where 6 i s  some value of 6 t h a t  w i l l  be chosen a r b i t r a r i l y  t o  provide 

a reasonable  f i t  t o  the  experimental  observa t ions .  An equat ion which 

has t h e  f ea tu res  s p e c i f i e d  i n  Eq. (B-42) i s  

0 

(B-43) 

where 13 i s  chosen t o  provide the  des i red  r a p i d i t y  of  the t r a n s i t i o n  from 

h = 1.0 t o  1 0. Again, 8 i s  a r b i t r a r y ,  s i n c e  t h e  a c t u a l  v a r i a t i o n  of 

h w i t h  6 i s  not  known. 

l a y e r  thicitrieba 6 ,  and -;;as derived using Eq. ( B-41) and allowing h to  

vary according t o  Eq. (B-43). 

Figure B-10 shows a p l o t  o f  Vo vs. i n t e r f a c i a l  

Here B and 60 a r e  a r b i t r a r i l y  chosen t o  
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be 1.0 i-' and 10 8, r e spec t ive ly .  

a r e  chosen t o  correspond t o  GaP/Au c o n t a c t s ,  and V c a l c u l a t e d  from 

Eq.  (B-21) i s  p l o t t e d  for comparison, a s  i n  Fig.  B-9. The var ia . t ion o f  

V with 6 is now seen t o  be c o n s i s t e n t  with t h e  observed behavior of  t h e  

GaP diodes.  

experimental accuracy, and f o r  t h i c k e r  l a y e r s ,  V diverges  r a p i d l y ,  

while V 

i s  of course determined by the a r b i t r a r y  func t ion ,  E q .  (B-43) ,  which 

must simply be regarded a s  a convenient device for providing a smooth 

t r a n s i t i o n  between t h e  " t h i n  layer" and " th i ck  layer"  regimes. 

The metal-semiconductor parameters 

Bo 

0 

For t h i n  i n t e r f a c i a l  l a y e r s ,  V and Vm agree c l o s e l y  wi th in  
0 

0 

remains r e l a t i v e l y  unchanged. The exac t  shape of  t h e  Vo curve 
BO 

3.0 

26 

lrl = 2.2 P 
I 
>o 1.8 
U 
6 
0 1.4 

>m 

IO 
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FIG. B-10 VARIATION OF V B o  AND V, WITH INTERFACIAL 
LAYER THICKNESS 6 FOR Gap-Au DIODE 
ACCORDING T O  MODEL OF SEC. 3d 
This model provides for a gradual transition from 
the model of Sec. 3b to the model of Sec. 3c at 
6 2  l 0 A  

4, Discussion 

The model of Sec. 3d has been shown t o  provide a reasonable  explana- 

t i o n  f o r  t h e  observed v a r i a t i o n  of V 

b a r r i e r  diodes. The most important f e a t u r e s  of t h e  observed 1 / C  vs .  V 

d a t a  a r e  

and V 
0 BO 

f o r  n-type GaP/metal s u r f a c e  
2 
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. 
1. The l i n e a r i t y  of the  curves 

2. The f a c t  t h e  s lopes  seem t o  be r e l a t e d  t o  t h e  donor 

dens i ty  i n  t h e  usual way, independent of i n t e r f a c i a l  

l a y e r  t h i ckness  and 

3. t h e  f a c t  l a r g e  inc reases  i n  t h e  V-axis i n t e r c e p t  a r e  

c o r r e l a t e d  with i n c r e a s e s  i n  i n t e r f a c i a l  l a y e r  t h i ckness .  

The proposed model is cons i s t en t  with a l l  of t h e s e  observat ions.  

The m o d e l  a l s o  explains  both t h e  f a c t  t h a t  V and V agree c l o s e l y  f o r  

diodes where t h e  i n t e r f a c i a l  f i l m  th ickness  was held t o  a minimum, and 

t h e  f a c t  t h a t  VBo, as determined p h o t o e l e c t r i c a l l y ,  does not vary 

s i g n i f i c a n t l y  with changes i n  i n t e r f a c i a l  f i l m  th i ckness .  

0 BO 

The models postulated i n  Secs. 3b and 3d r e q u i r e  t h a t  t h e  Fermi 

l e v e l  a t  t h e  semiconductor su r face  move up and down through a uniform 

s u r f a c e  states d i s t r i b u t i o n  i n  t h e  forbidden gap as t h e  applied vo l t age  

i s  va r i ed .  A c a l c u l a t i o n  has been made, showing t h a t  f o r  t h e  highest  

va lues  of r eve r se  b i a s ,  t h e  maximum displacement of t h e  Fermi l e v e l  from 

i t s  equi l ibr ium pos i t i on  a t  t h e  semiconductor s u r f a c e  i s  about 0 . 1  v o l t .  

Thus, s t r i c t l y  speaking, t h e  su r face  s t a t e  dens i ty  need only be uniform 

(Ds = Constant) over about 0 .1  v o l t  i n  t h e  forbidden gap i n  order  f o r  t h e  

proposed models t o  be v a l i d  f o r  reverse  b i a s .  High values  of forward 

b i a s  produce considerably l a r g e r  displacements i n  t h e  Fermi l e v e l  a t  t h e  

semiconductor su r face ;  i f  t h e  Fermi l e v e l  e n t e r s  a region of t h e  su r face  

s t a t e  dens i ty  which i s  not uniform, then t h e  1/C 

from a s t r a i g h t  l i n e .  Such dev ia t ions  from a s t r a i g h t  l i n e  have been 

observed i n  t h e  1 /C  vs. V curves f o r  forward b i a s .  The 1 / C  p l o t  u sua l ly  

bends upward as forward b i a s  is increased, but occasional ly  a downward 

bending i s  observed. This  behavior i s  d i f f i c u l t  t o  reproduce, and l i m i t a -  

t i o n s  on t h e  capaci tance measuring equipment usua l ly  prevent t h e  t a k i n g  of 

d a t a  f o r  forward b i a s  g r e a t e r  t h a n -  0 . 7  V; consequently, t h i s  e f f e c t  has 

not  been thoroughly inves t iga t ed .  

2 vs .  V curve w i l l  d e v i a t e  

2 2 

The p o s s i b i l i t y  t h a t  t h e  MOS model without s u r f a c e  states i s  i n  
fact a more nea r ly  c o r r e c t  model f o r  Gap-metal has a l so  been considered. 

Suppose one a c t u a l l y  measures 'p, (Fig. B-6) i n  a photothreshold measure- 

ment; i .e.,  t h e  i n t e r f a c i a l  l a y e r  is not t r anspa ren t  t o  photoelectrons.  
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The metal work func t ion  cp i s  not t h e  vacuum work func t ion  cp (vac) .  P 

A s imple  model g ives  t h e  e f f e c t i v e  work func t ion  of t h e  meta l - insu la tor  

i n t e r f a c e  a s  cp 

i n s u l a t i n g  i n t e r f a c i a l  layer.39 

not vary with 6 ;  t h i s  would account f o r  t h e  constancy of t h e  photothreshold 

with 6 .  The 1 / C  i n t e r c e p t  a l s o  has t h e  c o r r e c t  q u a l i t a t i v e  behavior wi th  

changes i n  6 (Fig. B-8). This  model i s  r e j e c t e d  f o r  t h e  reasons given 

i n  t h e  fol lowing paragraphs. 

m m 

= cpm(vac) - xi, where xi i s  t h e  e l e c t r o n  a f f i n i t y  of t h e  

does 
m 

, ym To a f i r s t - o r d e r  approximation 

2 

F i r s t ,  t h e  vol tage-current  c h a r a c t e r i s t i c s  f o r  Gap-metal d iodes  

(e.g., Gap-Au) i n d i c a t e  t h a t  t h e  mechanism of cu r ren t  f low i n  t h e s e  

diodes i s  thermionic emission over a pa rabo l i c  (Schottky) b a r r i e r .  This  

observat ion g ives  good reason t o  be l i eve  t h a t  photoelectrons,  a s  w e l l  

a s  thermal e l ec t rons ,  tunnel  f r e e l y  through t h e  i n t e r f a c i a l  l a y e r ;  i .e. ,  

t h e  i n t e r f a c i a l  l aye r ,  a t  least f o r  w e l l  c leaned s u b s t r a t e s  (Sec. 111, 

i s  t ransparent  t o  e l e c t r o n s  whose energy exceeds t h e  p o t e n t i a l  barrier 

height .  Refer r ing  t o  Fig.  B-8, it is  observed t h a t  V changes very 

r ap id ly  f o r  r e l a t i v e l y  small  changes i n  6 ,  i n  t h e  region of 6 M 5 f o r  

t h e  MOS model without su r face  s t a t e s .  I n  view of t h e  t ransparency  of 

t h e  i n t e r f a c i a l  l aye r  t o  e l ec t rons ,  a s  d i scussed  above, one should 

e a s i l y  be a b l e  t o  observe t h i s  change i n  t h e  photothreshold measurements. 

I n  t h e  experiments reported here, however, t h e  change i s  not observed. 

BO 

Second, t h e  MOS model without s u r f a c e  s t a t e s ,  again r e f e r r i n g  t o  

Fig. B-8, p r e d i c t s  a l a r g e  d i f f e r e n c e  between VBOand V 

small 6 (- 5 i). 
t ransparent  t o  e l e c t r o n s  f o r  t h e s e  th i cknesses ;  hence, photothreshold 

measurements should y i e l d  t h e  b a r r i e r  he ight  (p 

f e w  mV f o r  t h e  present  experiments),  and t h e  va lue  of V 

measurements should exceed V by s e v e r a l  t e n t h s  of a v o l t .  On t h e  

cont ra ry ,  t h e  experiments show V and V t o  be p r a c t i c a l l y  equal  f o r  

diodes prepared i n  t h e  Vac-Ion system us ing  etched and pro tec ted  Gap 

subs t r a t e s .  

even f o r  very 
0, 

One c e r t a i n l y  expec ts  t h e  i n t e r f a c i a l  l a y e r  t o  be 

(equal  t o  VBo w i th in  a 
Bn 

from capac i tance  
0 

BO 

0 BO 

The v a r i a t i o n  of VBo with cpm f o r  Gap-metal d iodes  i s  a l s o  not 

explained by an MOS s t r u c t u r e  without s u r f a c e  s t a t e s ;  t h e  assumption of 

a r e l a t i v e l y  high dens i ty  of su r face  states,  on t h e  o the r  hand, provides  

a reasonable explanat ion f o r  t h e  experimental  VBo vs .  'p, da ta .  18 

80 



. . 
c 

APPENDIX C 

RESERVE LAYER CORRECTION FOR INCQMPLETE DONOR IONIZATION 

81 



c * 

APPENDIX C 

RESERVE LAYER CORRECTION FOR INCOMPLETE DONOR IONIZATION 

The reserve  l a y e r  co r rec t ion  V which i s  introduced i n  Sec. 3a of 2’ 
Appendix B, arises from t h e  presence of mobile carriers a t  t h e  edge of 

t h e  dep le t ion  region.  This  term i s  derived by Goodman1* f o r  t h e  case of 

completely ionized donors. Since the  donor l e v e l s  i n  Gap are r e l a t i v e l y  

deep (0.07 - 0.08 eV) ,34 ,40  t h e  donors w i l l  not be completely ion ized  a t  

room temperature.  W e  w i l l  denote the  f r a c t i o n  of ionized donors by q, 
and w i l l  assume t h a t  t h e  Fermi l eve l  i s  always more than  kT/e e V  below 

t h e  bottom of t h e  conduction band. The charge dens i ty  p i n  t h e  s e m i -  

conductor dep le t ion  l aye r  can then  be w r i t t e n  

where x i s  t h e  d i s t a n c e  i n t o  t h e  semiconductor measuring from t h e  sur face ,  

and $ i s  t h e  p o t e n t i a l  energy i n  e V  of an  e l e c t r o n  measured from t h e  bot- 

tom of t h e  conduction band i n  t h e  bulk semiconductor. The p o t e n t i a l  

energy $ is  a func t ion  of x, and a t  t h e  su r face  with no appl ied  b i a s ,  

Jr = VB0. 

$ = V 

Poisson’s equat ion f o r  t h e  deple t ion  l a y e r  may be wr i t t en :  

According t o  t h e  convention introduced i n  Sec. 3 of Appendix B, 

a t  t h e  su r face  when a b i a s  is appl ied ,  I n  terms of Eq. (C- l ) ,  
BO 

I n t e g r a t i o n  of t h i s  equat ion once subjec t  t o  t h e  boundary cond i t ions  

$ = 0, d$/dx = 0, y i e l d s  

. (c-3) 
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Gauss's law states t h e  electric f i e l d  a t  t h e  semiconductor sur face ,  

i s  r e l a t e d  t o  t h e  space charge Q by 
sc 

2 - -  - e E coul/cm 
Qsc s s  

The e l e c t r i c  f i e l d  a t  t h e  semiconductor su r face  i s  given by 

E S = (qS 

(C-4) 

((2-5) 

where subscr ip t  "s" denotes  t h e  va lue  of a v a r i a b l e  a t  t h e  sur face .  

space charge can the re fo re  be expressed as 

The 

us ing  Eqs .  (C-3), (C-41, and (C-5). 

t h e  r e s u l t  

Since JI = VB, Eq.  (C-6) l eads  t o  
S 

J 

where 

For t h e  GaP crys ta l s  descr ibed i n  t h e  present  work, i t  i s  est imated 

t h a t  s l i g h t l y  more than  ha l f  of t h e  donors a r e  ionized,  and t h i s  l eads  

t o  a value of - 0.03 e V  f o r  V a t  room temperature.  This  va lue  differs  

i n s i g n i f i c a n t l y  from t h e  usual  r e s u l t  f o r  t h e  complete donor i o n i z a t i o n  

which i s  V A t  lower tempera- 
t u r e s  o r  higher doping l eve l s ,  t h e  d i f f e r e n c e  could be s i g n i f i c a n t .  

2 

= =/e = 0.026 e V  a t  room t e m p e r a t ~ r e . ' ~  2 
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